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Abstract 
Photonic devices are widely used in optical communication systems and all-optical switching 
in roles of waveguides, multiplexers, interconnectors, wavelength converters, and others. By 
designing these devices, characterization of its third-order optical nonlinearities, such as 
nonlinear refractive index n2 and nonlinear absorption , is very important. For example, for 
use of optical fibers in telecommunication branch, it is desirable to have insignificant 
nonlinearities in order to transfer data with minimum distortion. On the other hand, optical 
fibers with high optical nonlinearities are often beneficial when building a laser system. The 
determination of the nonlinear properties of on-chip photonic devices due to fast optical 
nonlinearities, particularly nonlinear figure-of-merit (n2/, wavelength), is highly 
important for high bit rate data transfer. There are various methods to measure third-order 
optical nonlinearities, but few of them allow measurements of n2 and 
 
simultaneously. In 
addition, many of these methods are not applicable to optical waveguides, since they are 
based on transversal effects. A further disadvantage of most approaches is the dependence on 
laser parameters, such as pulse profile. 
 
The purpose of this research is to develop a versatile tool for investigation of fast optical 
third-order nonlinearities that is also applicable to waveguiding devices. The tool relies on the 
following ideas. Using a four-wave mixing scheme, a nonlinear mixing product is generated 
in the waveguide and is phase sensitively detected by employing a heterodyne technique. 
Phase-sensitive detection allows, in principle, simultaneous measurement of n2 and .  The 
problem of such absolute measurements is the dependence on laser parameters and the 
comparison of the complex nonlinear field to the excitation fields. For these reasons, the 
complex nonlinear field from the waveguide under test is compared with the nonlinear field 
from a bulk sample with well known optical properties. Both mixing products from the 
waveguide and the bulk samples are generated simultaneously and under the same 
experimental circumstances. Depending on the longitudinal position of the bulk relative to the 
imaged spot from the waveguide‟s output, the nonlinear contribution from the bulk sample 
changes. By this procedure, the mixing products from both samples can be directly compared 
to each other. The tool allows for direct deduction of the nonlinear figure of merit in all-
photonic devices and for measurements of weak optical nonlinearities, for example, in a short 
piece of hollow-core photonic crystal fiber. 
 
Key words: Third-order optical nonlinearities, Four-wave mixing, Heterodyne detection 
 4 
Zusammenfassung 
Photonische Bauelemente finden Anwendung in optischen Kommunikationssystemen und 
rein optischen Schaltern, z.B. als Wellenleiter, Multiplexer oder Wellenlängenkonverter. Bei 
der Entwicklung photonischer Komponenten spielt die Charakterisierung ihrer optischen 
Nichtlinearitäten dritter Ordnung, d.h. des nichtlinearen Brechungsindexes n2 und der 
nichtlinearen Absorption , eine wichtige Rolle. Beim Einsatz von Glasfasern im 
Telekommunikationsbereich ist es z.B. wünschenswert, geringe Nichtlinearitäten zu haben, 
um die Daten mit minimaler Verzerrung zu übertragen. Auf der anderen Seite sind z.B. bei 
der Weißlichterzeugung optische Fasern mit starken optischen Nichtlinearitäten erwünscht. 
Die Bestimmung der schnellen nichtlinear-optischen Eigenschaften On-Chip-photonischer 
Bauelemente, vor allem den nichtlinearen Figure-of-Merit (n2/, Wellenlänge) ist sehr 
bedeutsam für die hoch-bitratige Datenübertragung. Es gibt unterschiedliche Methoden zur 
Messung optischer Nichtlinearitäten dritter Ordnung, aber nur mit wenigen davon können n2 
and  gleichzeitig gemessen werden. Außerdem sind viele dieser Methoden nicht anwendbar, 
um Nichtlinearitäten in optischen Wellenleitern zu bestimmen, da sie auf transversalen 
Effekten beruhen. Ein weiterer Nachteil der meisten Ansätze ist die explizite Abhängigkeit 
von Laserparametern, wie z.B. dem Impulsprofil. 
 
Ziel dieser Arbeit ist die Entwicklung einer Messtechnik für die Untersuchung von schnellen 
optischen Nichtlinearitäten dritter Ordnung, die auch für Wellenleiter geeignet ist. Die 
entwickelte Messtechnik basiert auf folgenden Grundideen. Mittels Vierwellenmischung 
werden im Wellenleiter Mischfelder erzeugt und mit Hilfe der phasensensitiven 
Heterodyntechnik detektiert. Heterodyndetektion ermöglicht im Prinzip eine simultane 
Bestimmung von n2 und . Problematisch bei einer solchen Absolutmessung ist die oben 
erwähnte Abhängigkeit von den Laserparametern sowie der Vergleich der komplexen 
Amplitude des Mischsignals mit denen der Anregungsfelder. Aus diesem Grund wird die 
Amplitude und Phase des Mischfeldes aus der untersuchten Wellenleiterprobe auf die 
Amplitude und Phase des Mischfeldes aus einer Bulkprobe mit bekannten optischen 
Eigenschaften bezogen. Beide Mischfelder aus dem Wellenleiter und der Bulkprobe entstehen 
hierbei simultan und unter den gleichen experimentellen Umständen. Durch longitudinale 
Verschiebung der Bulkprobe relativ zu einer 1:1-Abbildung der aus dem Wellenleiter 
austretenden Strahltaille wird das Mischfeld aus der Referenzprobe variiert. So können die 
Mischfelder aus den beiden Proben separiert und schließlich miteinander verglichen werden. 
Die Messtechnik ermöglicht eine direkte Bestimmung von nichtlinearem Figure-of-Merit in 
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rein optischen Komponenten (all-photonic devices) und Messungen von sehr kleinen 
Nichtlinearitäten, z.B. in einem kurzen Stück Hohlkernfaser.  
 
Schlagwörter: Optische Nichtlinearitäten dritte Ordnung, Vier-Wellen-Mischung, Heterodyn-
Detektion 
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Chapter 1  
 
 
 
Background and thesis structure 
1.1 Background 
 
The field of nonlinear optics has been known for more than 50 years. One of the first 
experiments in this field was performed by Franken and co-workers in 1961 [Fran61]. Since 
then, a number of nonlinear optical effects were observed and extensively studied. An 
observation of the change of refractive index of a material as a result of light-matter 
interaction and thereby the influence of light on itself were published back in the sixties [e.g. 
Bass62, Eckh62, Terh62, Gior65, Stol78]. It is not a coincidence that progress in investigation 
of nonlinear optical effects is related to the progress in laser science. A first demonstration of 
a nonlinear effect was performed shortly after the first laser was implemented [Maim60]. 
 
The fast development in nonlinear optics opens a gate to many applications in the field of 
nonlinear spectroscopy and material science. A revolutionary event for the communication 
industry happened in 1966 when Kao and Hockham promoted the idea to reduce the losses in 
an optical fiber to below 20 dB/km [Kaoh66]. With the growth of low loss glass fibers in the 
seventies [Kapr70, Payn74, Miya79], the transmission of information by light over long 
distances became feasible. Today, the standard wavelength range for this purpose is 1500 nm  
to 1600 nm with losses as low as 0.2 dB/km [Corn01]. 
Chapter 1 - Background and thesis structure 
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Nonlinear optics has generated new fields of research in the past and continues to do so. For 
example, a relatively recent invention of a new type of fiber [Knig98], where dispersion and 
nonlinear effects can be designed depending on the fiber microstructure, has been extensively 
employed and has a high potential for the communication branch [Creg99, Knig98].  
 
The photonic crystal fiber (not to be confused with a fiber made from crystalline material) is a 
type of optical fiber that is based on the properties of photonic bandgap [Knig98 Russ06]. It 
obtains its waveguide properties from an arrangement of very small structures with different 
index of refraction, e. g. air holes, which are located along the whole fiber. The ability to 
design the waveguide’s properties, such as dispersion and attenuation, depending on the air 
holes’ size, shape and location in the waveguide is a significant advantage over standard 
(step-index) optical fiber. 
 
Hollow-core photonic crystal fiber (HC-PCF) is a type of fiber that guides most of the light in 
air [Creg99, Humb04]. Due to this fact, HC-PCF has very weak optical nonlinearities 
compared to standard fibers or solid-core photonic crystal fibers. HC-PCFs can be produced 
from different types of materials, i.e. fused silica or polymer material [Smit03, Argy06]. This 
type of fiber is a promising candidate for various applications in linear and nonlinear optics, 
e.g. transmission of high-power optical signals for long distances without data distortion or 
fiber damages [Ouzo03], particles guidance [Renn99], highly sensitive sensors [Rita04], THz 
applications [Vinc09], high-power supercontinuum generation [Song10], and guiding of UV 
radiation [Fevr09]. 
 
Photonic devices are employed in the fields of telecommunication branch and all-photonic 
signal processing (i.e. based on silicon-on-insulator SOI). They perform diverse 
functionalities like waveguiding, switching, interconnecting, multiplexing, add drop filtering, 
and wavelength conversion [Alme04, Cott99, Dinu03, Gopi04, Tsan02]. For different 
applications, different strengths of nonlinearity are desired: for light-by-light guiding (all-
photonic switching), a strong nonlinearity is required, whereas for long haul transmission the 
nonlinearity should be as weak as possible.  
 
Since optical technologies enable high bit rates compared to other technologies, most data 
will be transferred by light. Currently, the speed of data transmission per wavelength channel 
is dozens of Gb/s and it is growing continually [Koos09, Rams09]. To transmit the data with 
Chapter 1 - Background and thesis structure 
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high speed, it is desirable to have devices that respond fast enough to the short light pulses. 
Therefore, an investigation of fast optical properties of these devices is so important. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 1 - Background and thesis structure 
 11 
1.2 Thesis structure 
 
The thesis is structured as follows:  
 
An introduction to different types of third-order optical nonlinearities and a few commonly 
existing methods for their measurements are provided in chapter 2. Several mechanisms for 
nonlinear optical interactions are explained and the parameters describing the third-order 
optical processes are presented.  
 
Setup for measurement of fast third-order nonlinearities is developed and implemented. In 
section 3.1 a configuration for measuring nonlinearities by means of a nearly-degenerate four-
wave mixing (FWM) generation is discussed. Heterodyne scheme for discrimination of the 
nonlinear (FWM) signal against the excitation fields is shown in section 3.2. Measurement of 
optical nonlinearity using heterodyning is demonstrated for waveguide in section 3.3. When 
investigating waveguide samples of a length ≈ 10-20 mm, different parasitic signals can 
hamper the detection. In section 3.4 a technique for elimination of the concurrent parasitic 
signal is developed.  
 
In chapter 4 a concept of Referencing to a Bulk Sample (ReuS) is explained. ReBuS allows 
detection of optical nonlinearities by direct comparison with additional sample and without 
measuring the laser parameters, such as peak amplitudes of the excitation fields. 
 
In section 5.1 ReBuS combined with heterodyning is experimentally demonstrated by 
employing two types of waveguide samples. In section 5.2 the concept for phase-resolved 
detection of fast optical nonlinearities that allows deduction of nonlinear-figure of merit, is 
demonstrated. 
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Chapter 2  
 
 
 
Introduction 
 
The time scale of the nonlinear response can change from at least milliseconds to 
femtoseconds or less [Boyd92], depending on the nature of the nonlinearity. The fastest 
mechanism
1
 for nonlinear interaction is due to nonresonant electronic nonlinearity that has a 
response time of sub-femtoseconds.  
 
We deal with fast optical nonlinearities, i.e. nonlinearities that have response time much 
smaller than the pulse duration, so that it can be assumed that the medium responds 
instantaneously to the applied field. Nonlinear optical effects can be described by a power 
series of the dielectric polarization [Arms62]:  
                                                 
1
 Other mechanisms are slower. For example, the response time of the process due to 
molecular orientation is of the order of 10
-12
 s [Boyd92].  The response time due to 
electrostriction is 10
-9 
s to 10
-10
 s [Boyd92]. There are other mechanisms that are responsible 
for optical nonlinearities, e.g. photorefraction. The dynamics of this process is even slower, of 
about 0.1 s to 10 s. 
 
Chapter 2 - Introduction 
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(1) (2) (3) ...P E EE EEE           (2.1) 
 
where P  is a dielectric polarization, E is an applied field, and coefficients  (i)  are the 
susceptibilities of order i of the medium. The terms that are proportional to an even power of 
the susceptibility coefficients vanish for materials with inversion symmetry whereas nonlinear 
effects associated with odd powers of the susceptibility occur in all materials. Therefore, 
processes due to the susceptibility of the third-order (3), which is the lowest odd order of the 
optical nonlinearity, are so interesting for investigation. In Eq. (2.1), the third-order 
susceptibility (3)  is treated as a scalar quantity.  
  
The nonresonant electronic nonlinearity is due to the nonlinear response of the bound electron 
as a result of an applied optical field. The nonlinearity is not particularly large relative to other 
types of the nonlinearities [Boyd92]; however it occurs in any dielectric material. In a 
classical picture, the recovery time of this process is estimated to be the time the electron 
needs to move around a nucleus, which is about 10
-15
 s to 10
-16
 s [Boyd92].  
  
About linear and nonlinear processes 
Linear absorption occurs when the frequency of the excitation field coincides with the 
resonance frequency of the medium. This is schematically shown in Fig. 2.1a. For nonlinear 
optical resonances, several frequencies are involved, so that the sum or difference of their 
frequencies equals the resonance frequency. In Fig. 2.1b the energy diagram due to the third-
harmonic generation is shown. By employing a degenerate four-wave mixing scheme, the 
equivalent energy diagram is described by Fig. 2.1c. In degenerate four-wave mixing scheme, 
the frequencies of all involved fields in the nonlinear process are equal.  
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Fig. 2.1. (a) linear resonant process, (b) third-harmonic generation, (c) degenerate four-wave 
mixing process (FWM). By employing the degenerate four-wave mixing scheme, the frequencies 
are equal.  
 
Resonant and nonresonat optical nonlinearities 
Nonresonant optical nonlinearities occur far from resonances of the material and, as was 
mentioned, are very fast. For short enough pulses, only electronic nonlinearity contributes to 
nonlinear processes, since only electrons can follow the fast changes of the optical field. 
Resonant optical nonlinearities rapidly vanish far from the material resonance. For example, 
for fused silica, the resonances are in UV range, and the value of nonlinear refractive index n2 
is constant around wavelength of 1550 nm [Mila98]. Near material resonance, both nonlinear 
refractive index  and nonlinear absorption are enhanced [Harb02]. 
 
 
Third-order nonlinear optical coefficients 
Besides the linear properties of the photonic devices, its nonlinear properties are important if 
the functionality is based on nonlinear effect [e.g. Steg89, Gopi04]. The nonlinear properties 
are described by the nonlinear refractive index 2n  and the nonlinear absorption coefficient  , 
that are proportional to the real and imaginary parts of the third-order susceptibility, 
respectively ( (3) 22 0Re( ) /n n c ,
(3) 2
0 0Im( ) /k n c  , where n0 - linear refractive index, c - 
speed of light, k0 - wavenumber). In particular, the ratio of both, the so-called nonlinear 
figure-of-merit 0 22
1
NFOM
2π
k nn
 
  , where  is a wavelength, is widely used as a 
criterion for selecting suitable, low-loss materials for on-chip optical switching devices [e.g. 
Lenz00, Dinu03, Gopi04]. The dimensions of n2 and  are m
2
/W and m/W, respectively, since 
the intensity dependent refractive index change is 2n n I  (I is intensity in W/m
2
) and the 
nonlinear loss due to nonlinear absorption is I    (   in m-1). 
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The definition of NFOM comes from the following equation [Lenz00]: 
  
   0 2 ln 1 NFOM 2π ln 1NL
k n
IL IL  

          (2.2)             
 
where NL is a nonlinear phase that is accumulated as a result of nonlinear interaction of light, 
L is a length of the device under the test, and I is an initial peak optical intensity. Eq. (2.2) is 
obtained by solving the equations 2 NL 0 2and
ddI
I k n I
dz dz

   . A nonlinear transmission 
can be defined from Eq. (2.2) as  NL 1/ 1T IL  . The purpose in designing a nonlinear 
material is to have high value n and low value of , i.e. having NFOM as high as possible, 
since unwanted nonlinear losses are associated with nonlinear absorption  [Harb02]. Fig. 2.2 
shows NFOM as a function of NL1 T (in percent), which gives an intuition of how the value 
of NFOM is chosen. For instance, by designing a device that has a (nonlinear) phase 
accumulation π  with NL1 T  of 0.2 (20 %), an NFOM of about 2 is required. Allowing the 
same nonlinear transmission for 2πNL  , a higher NFOM (5) is required. Usually, an NFOM 
of more than 3 is desired for all-photonic switching applications. Although, SOI (silicon-on-
insulator) does not have high NFOM (0.3 ~ 0.8 [Dinu03, Tsan02, Linz07]), silicon material is 
still an attractive candidate for telecommunication wavelength, due to the high compatibility 
with microelectronics [e.g. Sore06, Dekk07, Witz10]. 
 
 
 
Fig. 2.2.  Nonlinear Figure of Merit (NFOM) as a function of 
NL1 T for phase accumulations πNL   
and 2πNL  . The large phase accumulations are due to high peak optical intensity or long lengths. 
For small nonlinear absorption  NFOM is large. 
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For 1IL , Eq. (2.2) is simplified to  
 
0
0 2 2
eff
NL
k P
k n IL n L
A
        (2.3) 
 
where Aeff describes the spatial distribution of the light on the sample, i.e. Aeff is mode field 
area
2
, and P is a peak optical power
3
. 
 
For optical fiber waveguides, the nonlinear coefficient  [Agra89] is broadly exploited to 
determine their optical nonlinearities. From Eq. (2.3) the nonlinear coefficient is defined as 
 
2 0 eff/n k A       (2.4) 
 
By solving the propagation equation for optical fiber waveguides, the nonlinear term due to 
the four-wave mixing (FWM) process is given by [Stol82, Agra89] 
 
 
2
FWM 1 2E E E L      (2.5)  
 
where E1 and E2 are the peak amplitudes of the excitation fields, EFWM is the amplitude of the 
(FWM) nonlinear process, and L is the length of the fiber. Eq. (2.5) shows that in order to 
determine the nonlinear coefficient , one has to measure the peak amplitudes of the 
excitation fields. In this work, the measured parameters are  or n2 for optical fibers and 
nonlinear figure-of-merit for samples with non-negligible nonlinear absorption. 
 
 
 
 
 
                                                 
2
 This term is used for optical fibers. 
3
 Intensity is related to the power by eff/I P A . 
Chapter 2 - Introduction 
 17 
Existing methods for measurements of the nonresonant optical nonlinearities 
Many methods have been developed to characterize nonresonant third-order optical 
nonlinearities [e.g. Bloe06, Hein97, Kato95, Malo98, Sami10, Sarg94, Shei89]. The merit of a 
method depends on specific property that is measured and on nature of the nonlinearity. Not 
all methods are applicable for all types of photonic devices. A few of the commonly used 
experimental methods: four-wave mixing, interferometry, and  z-scan are briefly discussed. 
 
By the measurements mentioned below, the peak amplitudes of the excitation fields are 
measured for the determination of nonlinear optical coefficients in waveguides. However, it is 
not an easily measurable quantity, since it requires characterizing of the laser pulse.  The z-
scan method is applied for the measurements of nonlinearities in bulk materials. Additionally, 
to be able to detect both n2 and simultaneously, the phase of the nonlinear field relative to 
the excitation fields has to be measured.   
 
Four-Wave Mixing 
Four-Wave Mixing (FWM) is a nonlinear parametric process in which excitation fields with 
three different frequencies 1 , 2 and 3  interact with the material via its third-order 
susceptibility (3). As a result, new fields at frequencies ± 1 ± 2 ± 3  are generated. The 1 , 
2 and 3  have different optical frequency (nondegenerate FWM), i.e. frequency difference 
between the fields is in THz range [e.g. Thie01]. Phase-matching three different laser 
wavelengths in an experiment is not practical. Self-focusing and cross-phase modulation 
(XPM) are special cases of FWM with the same optical frequencies (Fig. 2.1c). Nearly 
degenerate four wave mixing is a nonlinear process, in which the three excitation fields have 
nearly the same optical frequency, so that 3 2 2 1,     << 1 2 3, ,   . This means that        
Fig. 2.1c also describes the nearly degenerate FWM. The nonlinear coefficient is extracted 
by measuring the peak amplitudes of the excitation fields, the generated FWM field, and the 
length of the sample. 
 
Interferometry 
A typical approach is to put a sample in one path of the arms of an interferometer and to 
observe an interference fringe distortion [e.g. Mora75, Webe78]. Due to the nonlinearity of 
the sample, the beam that propagates in the sample‟s arm experiences an intensity dependent 
phase delay relative to the second arm. As a result, the interference fringes are curved.  
Chapter 2 - Introduction 
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The interferometric methods usually provide high sensitivity, but they require a precise 
alignment and high quality fringes. However, to satisfy these conditions is not always easy. In 
addition, the measurement of peak amplitudes of the excitation fields is required. 
 
 
 
Z-Scan 
The z-scan method is based on self-focusing effect [Shei89]. One measures the transmittance 
of the nonlinear medium as a function of sample‟s z-position, as schematically shown in Fig. 
2.3. A transversal change of the light in far-field is measured through a finite aperture. Further 
details are described in caption of Fig. 2.3.  
 
The main advantage of the z-scan method is that it can measure both n2 and  coefficients and 
is extensively employed for measurements of nonlinearities in bulk materials. Due to spatial 
variation of the beam, z-scan is not applicable for measurements of optical nonlinearities in 
waveguides. 
 
 
 
Fig. 2.3. Schematic setup of the z-scan method. Transversal change of the beam as a result of the 
self-focusing effect is detected through the aperture. Let us assume that the sample has a positive 
nonlinear refractive index. When the sample is located far from the focus, a normalized 
transmittance (T(z)/T(z>>z0)) remains constant.  When the sample is located in the vicinity of the 
focus, but ahead of it (z < 0), the self-focusing effect collimates the beam and leads to decreased 
transmittance measurement. By shifting a sample to 0z   and staying in vicinity of the focus, the 
beam collimation results in increase of the measured transmittance.  
 
 
Z-scan, self-focusing and fully degenerate four wave mixing  
If all of the excitation fields have the identical frequency (1 = 2 = 3), this process is called 
(fully) degenerate four-wave mixing (DFWM) [Fish83].  The disadvantage of DFWM is that 
in order to discriminate between the fields without measuring the transversal change of the 
beam, the involved fields have to have a non-collinear geometry. Therefore, DFWM is not 
Chapter 2 - Introduction 
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suitable for measurement of optical nonlinearities in waveguides, since in waveguides all 
fields co-propagate. For collinear geometry of DFWM, the excitation and nonlinear fields can 
be physically distinguished only by transversal effects. 
 
The self-focusing is a fully degenerate four wave mixing so that the prominent z-scan method 
is based on fully degenerate FWM. Waveguiding samples have the same beam profile along 
the propagation axis, as schematically shown in Fig. 2.4. In waveguide, except the fact that 
shifting the waveguiding sample along the propagation direction is not practical, the 
transversal beam change of the nonlinear signal is suppressed by waveguiding mechanism. 
Therefore, the measurements that are based on transversal changes are not suitable for 
measurements of optical nonlinearities in waveguides. 
 
 
Fig. 2.4. Waveguide has the same beam profile along the propagation axis. Methods that are based 
on the transversal beam changes are not applicable for waveguides. 
 
Nearly degenerate four wave mixing  
In this work, the nearly degenerate four wave mixing is defined as a process, at which two of 
the excitation fields have equal frequency 1 = 3 , and the third excitation field has a 
frequency 2, which is close to 1 so that 2 1  << 1 2,  . The excitation fields at frequencies 
1 and 2 generate nonlinear FWM products at side lobes frequencies of 21 – 2  and         
22 – 1. Sometimes the above described process is called a nearly degenerate three wave 
mixing, since signals at three different frequencies are involved in this process (1, 2 , FWM).  
Due to the small frequency difference ( 2 1  << 1 2,  ) the nearly-degenerate FWM process 
is phase matched [Stol82].  
 
The benefit of the nearly-degenerate FWM upon the nondegenerate-FWM is that the fields are 
phase matched. However, due to the practically equal optical frequency difference between 
the involving waves, it is usually a formidable task to separate the newly generated signals 
[e.g. Suth96]. The benefit of the nearly-degenerate FWM upon the fully-DFWM process is 
that the collinear geometry can be employed [e.g. Malo98]. Therefore, the nearly-degenerate 
FWM allows for the investigation of the waveguide samples [e.g. Hofm96, Borr99]. 
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To sum up 
For the determination of the fast nonresonant optical nonlinearities by commonly employed 
methods, it is necessary to measure the laser parameters, such as peak amplitudes of the 
excitation fields. Z-scan method is based on self-focusing and not suited for waveguide 
characterization. The nearly-degenerate FWM process is applicable for investigation of 
nonlinearities in waveguides. The coefficients, such as nonlinear refractive index and 
nonlinear absorption coefficient are presented. The nonlinear figure-of-merit is important 
parameter for all-photonic devices. A few frequently employed measurement techniques: 
interferometry, z-scan, and four-wave mixing, as well their main advantages and drawbacks 
are discussed. 
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Chapter 3 
 
 
 
Experimental setup 
 
This chapter treats the design and implementation of the experimental setup for investigation 
of nonlinearities in waveguides. In section 3.1 the configuration for measurements of nearly-
degenerate FWM by collinear geometry is discussed. In section 3.2 a heterodyne technique 
that allows to discriminate a FWM signal is shown. The experimental demonstration of the 
FWM with heterodyning is presented by employing a short piece of fiber in section 3.3. A 
novel technique that allows measurements of weak optical nonlinearities, i.e. in hollow-core 
waveguides, is developed. This is discussed in section 3.4. 
 
3.1 Setup for nearly-degenerate FWM  
 
Laser system 
The laser system is schematically shown in Fig. 3.1. The fiber cavity includes an Erbium-
doped fiber, which has a normal dispersion (D = -22 ps/(nm∙km), D - dispersion parameter) 
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and two fibers with anomalous dispersion; SMF-28 (D = +18 ps/(nm∙km)) and Flexcor 60    
(D = 5.5 ps /(nm∙km)). The fiber oscillator is pumped by a 980 nm fiber pigtailed laser diode 
through the 980/1550nm-wavelength-division-multiplexer (WDM). To control the passive 
mode-locking mechanism, two polarisation controllers are inserted to manipulate the light 
polarisation [Hund06]. A Faraday isolator provides for unidirectional operation. The average 
output power of the laser oscillator is about 12 mW. 
 
To increase the output power of the laser system, an Erbium-doped fiber amplifier (EDFA) 
with identical components is placed behind the oscillator. A 99:1-coupler is inserted in the 
first stage of the amplifier system for diagnostic output of the signal coming from the 
oscillator. The pumping of the Erbium-doped fiber occurs in the amplifier in propagation 
direction. This is achieved with the help of a pump-diode and via a 980-1550 WDM-coupler. 
Two polarization controllers are inserted behind the 99:1-coupler and behind the Erbium-
doped fiber to ensure the maximal amplification.  
 
 
Fig. 3.1. Right: experimental setup of the Erbium-doped oscillator. Left: experimental setup of the 
Erbium-doped amplifier. p.c. – polarization controller, PBS – polarization beam splitter, iso – 
Faraday isolator, WDM - 980/1550 nm wavelength division multiplexer, the pump diode operates 
at at 980 nm.  
 
The laser system delivers a frequency comb with a central wavelength of 0 = 1580 nm. The 
average optical power of the 100 fs pulses after amplification is 50 mW and the repetition rate 
(fr) is 56 MHz. The measured interferometric autocorrelation is shown in Fig. 3.2. The 
spectrum of the laser behind the Erbium-doped fiber amplifier (EDFA) is shown in Fig. 3.3 
and its spectral width is about 40 nm. Short pulses are highly desirable since the nonlinear 
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optical signal is enhanced with the optical peak power. The laser medium in this work is 
Erbium-doped fiber [Mear87]. A fiber diode-pumped laser system is employed around the 
wavelength of 1580 nm. The mode-locking of the laser occurs passively and is based on the 
nonlinear polarization rotation [Tamu93].  
 
 
Fig. 3.2. Autocorrelation function of amplified pulses as measured behind the EDFA and acousto-
optical modulator. The “pedestal” is due to the higher dispersion terms of the acousto-optical 
modulator. Pulse duration of about 100 fs is obtained. 
 
 
Fig. 3.3. Output spectrum behind the laser system. 
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Nearly-degenerate FWM  
As was mentioned in chapter 2, for the nearly-degenerate FWM process, two excitation fields 
with similar optical frequencies 1 and 2 are used. The excitation fields with frequency 
difference in MHz range are produced by acousto-optical modulators (AOMs). The spectrum 
of the laser with the optical carrier frequency 0 is slightly shifted to new frequencies of       
1 = 0  + 63.351 MHz and 2  = 0  + 46.649 MHz, respectively. 
 
As a result of the modulation between the excitation fields, sidebands at the frequencies 
1 1 2( )    , 1 1 2( )     and 2 1 2( )     2 1 2( )    are developed. The distinguishable 
frequency components, i.e. those different from the frequencies of the excitation fields, are 
two FWM products at FWM  = 21  – 2  and FWM2  = 22  – 1. The frequency components of 
the involved fields are shown in Fig. 3.4. The FWM product at lower frequency (22  – 1) 
might be referred to as Stokes and at higher frequency (21 – 2) as Anti-Stokes (this 
denotation is usually used in Raman scattering when the frequency difference 1 2   lies in 
the THz range [Hick86, Grev05]).  
 
We concentrate on the detection of the nonlinear FWM product at frequency 
FWM 1 22 80.053 MHz.      
 
Fig. 3.4. Stick diagram of the involved frequencies. 0  is the frequency of the laser (corresponds 
to  = 1580 nm). 1  and 2  are frequencies of the excitation fields and FWM  and FWM2  are 
frequencies of the generated FWM products. We concentrate on FWM at  21 – 2. 
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To investigate the optical nonlinearities in the waveguides, it is obligatory for all involved 
fields to propagate collinearly. For this purpose, a nearly degenerate FWM scheme is 
implemented and its setup is shown in Fig. 3.5. Two beams at excitation frequency 1, 2 that 
are produced by AOM1 and AOM2 are launched into the sample and modulate the refractive 
index of the material with a frequency (1 – 2). A free space 35 dB Faraday isolator is 
employed to prevent the pulses going back into the laser system. This is important in order to 
avoid unwanted nonlinear effects in the laser system. To achieve a maximally efficient FWM, 
it is preferable for the excitation fields to have the same polarization. For this purpose, two 
half-wave plates and two polarizing beam splitters are inserted. The purpose of a half-wave 
plate that is placed in front of the polarizing beam splitter PBS1 is to regulate the magnitude 
of the optical power between arm1 and arm2 (Fig. 3.5). The reflected light from PBS1 enters 
arm1 and is linearly polarized, perpendicularly to the PBS1 plane of incidence. To obtain the 
same polarization in arm2 (Fig. 3.5), a similar procedure is employed: a half-wave plate 
behind PBS1 rotates the polarization of the transmitted light. The light is then reflected by 
PBS2 so that it has the same linear polarization in both arms. The light that passes through 
PBS2 is used in heterodyne scheme. The beams overlap spatially by using an unpolarizing 
beam splitter BS1. In addition to the spatial overlap of the beams, the pulses in both arms 
overlap temporally. For this purpose, a time delay device is inserted in one of the arms (T.D.1 
in Fig. 3.5).  
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Fig. 3.5. Scheme of the experimental setup for a nearly degenerated FWM in collinear geometry. 
AOM-acousto-optical modulator. -half-wave plate. T.D- time delay. BS- unpolarizing beam 
splitter. PBS- polarizing beam splitter. The excitation frequencies at v1 and v2 (frequency 
difference in MHz range) co-propagate and enter the sample. As a result of nonlinear interaction, 
a new frequency at FWM is generated. 
 
The phase matching condition is satisfied due to the small frequency difference 
between the involved fields. The use of the laser system with the short pulses and 
hence with higher peak amplitudes of the excitation fields (Eq. (2.5)) is preferable to 
increase the FWM signal. To achieve the optimally enhanced FWM product at 
1 22  , the optical power between 1  and 2  is distributed with the ratio 2:1 (taking 
1 2 1P P  , the maximum for 
2 2
1 2 1 1(1 )P P P P   is obtained when 1 2 / 3P   and 
2 1/ 3P  ). 
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3.2 Heterodyne detection 
 
To detect the FWM product, it has to be separated from the excitation frequencies that are in 
MHz distance from FWM. The spectral filtering of the generated FWM is carried out in the 
RF-regime
4
 rather than in the optical regime. This is done with the help of heterodyne 
principle [Sieg63]. Heterodyning can be described as a down-conversion of the optical signal 
to the RF range. It is performed with the help of the local oscillator, which has a similar, but 
not identical optical frequency as the frequency of the signal of interest. In “classical 
implementation”, the local, i.e. independent oscillator is generated using a different (hetero 
(Greek) - different) source from the source where the signal of interest is generated: 
Local oscillator:  LO LOcos 2π ( )E t t   
Signal of interest:  sig sigcos 2π ( )E t t   
where E is a (complex) amplitude,  is a frequency, and ( )t and ( )t  are time-changing 
phases due to phase fluctuations of the local oscillator and source of the signal, respectively.  
The phase fluctuations have different statistics if the signal of interest and the local oscillator 
are generated using different sources.  The amplitude of the local oscillator has an amplitude 
that is much larger (dyn (Greek) - power) than the amplitude of the signal, LO sigE E . 
Hence, by employing the heterodyne technique and detecting a beat note amplitude 
  sig LO sig LOcos 2π ( ) ( )E E t t t       
the signal is amplified, i.e. has heterodyne gain. 
  
In my work, the local oscillator frequency is generated using the same laser source. Due to 
this fact, phase fluctuations are nearly the same for the nonlinear mixing product and the local 
oscillator fields and hence are common-mode-rejected
5
. This configuration is interpreted as 
interference between the FWM and the local oscillator fields, where both arms have identical 
optical path lengths, so that the local oscillator and the nonlinear signals are highly correlated. 
It is worth to note that if the local oscillator would have been generated by an independent 
                                                 
4
 RF-regime - radio frequency regime, frequencies that are much lower than the optical 
frequencies. 
5
 Common-mode rejection - rejection of the fluctuations due to the same nature in both 
signals. 
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source, the former would noticeably contribute to the interferometric noise since both signals 
are not correlated. 
 
By heterodyning between the local oscillator and the FWM signal at frequency FWM, the 
detected optical power is given by  
 
  
2 2 *
opt FWM LO FWM LO FWM LORe cos 2πP E E E E t         (3.1) 
 
where optP  is the optical power and t is time. The first two terms in Eq. (3.1) are zero-
frequency ´DC´ terms and the third „AC‟ term is the down-converted to RF 
frequency FWM LO   term with the beat note amplitude FWM LOE E .  
 
By employing the heterodyne technique, the signal is amplified. On the one hand, it is 
preferable to have large amplitude of the local oscillator to increase the beat note 
amplitude FWM LOE E . On the other hand, by increasing the power of the local oscillator, its 
laser amplitude noise increases as well and signal-to-noise ratio decreases. Ideally, the 
dominant noise should be due to the light of the signal of interest, i.e. due to the FWM. The 
FWM field co-propagates with the excitation fields. Therefore, the dominant noise is imposed 
to be due to the excitation fields, since their amplitudes are larger than the amplitude of the 
FWM (in this work several dozens of dB stronger). The local oscillator and excitation fields 
come from the same source, so the dominant noise is still due to the excitation fields if the 
amplitude of the local oscillator is comparable (selected criterion twice larger) than from the 
excitation fields. 
 
The local oscillator has similar amplitude as the excitation fields so that on the one hand, the 
FWM product is enhanced by the local oscillator, and on the other hand, the noise caused by 
the local oscillator does not dominate.   
 
Due to correlation between the local oscillator and FWM, the beat note at FWM – LO has a 
narrow RF spectrum that merely reflects weak noise contributions from the AOM driving 
signals and from interferometric path length fluctuations, e. g. due to acoustics. Due to the 
correlation, any phase fluctuations of the optical carrier frequency of the laser are cancelled-
out by this detection scheme. 
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The setup for heterodyne technique is shown in Fig. 3.6. The local oscillator frequency is 
slightly shifted in respect to the FWM signal frequency and the beat note between these two 
is detected. The light that passes through the polarizing beam splitter PBS2 is used for the 
local oscillator arm (arm3, Fig. 3.6). The optical carrier frequency 0 is shifted to 
LO 0 80MHz    with the help of the acousto-optical modulator AOM3. The polarization of 
the local oscillator field is adjusted to be the same as the polarization of both excitation fields 
by using a half-wave plate. For the temporal overlap with the four-wave mixing pulses, a time 
delay device (T.D.2) is inserted into the arm of the local oscillator. Both beams spatially 
overlap on the beam splitter BS2. 
 
 
Fig. 3.6. The schematic setup for heterodyne scheme. The local oscillator is generated using the 
same laser source as for the excitation frequency and hence they are highly correlated. The 
nonlinear signal at FWM and local oscillator at LO are superimposed on BS2 and the beat note at 
FWM –LO (in kHz range) is detected. 
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Fig. 3.7. Stick diagram including local oscillator. 
 
The choice of the local oscillator frequency 0 + 80 MHz is convenient, since the beat note 
between the local oscillator and one of the four-wave mixing frequencies 
FWM 0 80.053 MHz   , is in the kHz range (FWM – LO  = 53 kHz). The detection in kHz 
range is a good compromise since on the one side low-frequency noise (e.g. flicker or 
acoustical noise) is low and on the other side the photodiode is fast enough so that no signal 
roll-off occurs. The beat note is detected by means of a photodiode with low-pass filter.  
 
Other approaches to filter the FWM product 
In principle, the optical frequency components could be resolved spectrally using a bandpass 
filter. However, extremely narrow optical filter with parameters   ≈ 190 THz and a bandpass 
of about 10 MHz would be necessary. Achieving these parameters using standard optical 
bandpass filters is a formidable task. For example, a number of optical filters (e.g. based on 
fiber Bragg grating) should be equal to the number of the comb lines, which is around 10
5 
(spectral width of about 7 THz divided by the repetition rate of 56 MHz). Another option for 
spectral filtering is to use a Fabry-Perot (FP) resonator. However, for FP based filters, the 
dispersion over the spectral width of the laser has to be compensated.   
 
Detection unit 
The beat note amplitude can be detected using several photoreceivers
6
. The detection is 
carried out by InGaAs  photodiode. The selected InGaAs FGA10 photodiode [Thor01] has an 
                                                 
6
 The use of avalanche photodiode is advantageous, when the noise behind the photodiode, 
i.e. transimpedance amplifier is the dominant noise, which is not the case in this work. In the 
avalanche photodiode, signal amplification occurs in the photodiode itself, which „spares‟ the 
use of the electronics. Using similar arguments as for the avalanche photodiode, detection of 
the beat note amplitude by employing a photomultiplier also does not have any advantages. 
Moreover, the clear disadvantage of the photomultiplier is that its quantum efficiency at    
1580 nm is much lower compared to the photodiode. 
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active area of 1mm
2
 to avoid the generation of the parasitic nonlinearities
7
 in the 
semiconductor material. Due to the fact that the beat note frequency (FWM – LO) is in the 
kHz range, a transimpedance amplifier with a low pass filter is used. 
  
The beat note amplitude FWM LOE E  is detected using the InGaAs photodiode and the output 
voltage of the photodiode is recorded with the help of the lock-in amplifier. Two techniques 
for the generation of the reference input to the lock-in are discussed.  
 
The detected photocurrent ipc is related to the optical power Popt that reaches the photodetector 
by the following expression 
opt
pc
P
i q
hc

  
 
     (3.2) 
 
where   is the quantum efficiency, q is the electron charge, h is the Planck constant, and c is 
the speed of light. The „hc‟ denominator is equal to 1.24 eV·m and the quantum efficiency 
of InGaAs at  = 1580 nm is 90%. This yields the conversion factor between the 
photocurrent and the optical power in units of Ampere / Watt 
 
pc opt[A] 1.15[A/W] [W]i P       (3.3) 
 
The AC component of the photocurrent (at frequency FWM – LO) is proportional to the beat 
note amplitude FWM LOE E  as 
 
FWM-LO FWM LOi E E       (3.4) 
 
The operational amplifier, which often called op-amplifier (or op-amp), is used to amplify the 
beat note amplitude coming from the photodiode. The self-integrated low-pass filter with 
resistor Ramp is inserted in the feedback loop on the OP amplifier, so that the output voltage is 
given by 
 PD FWM-LO ampV i R      (3.5) 
 
                                                 
7
 This will be discussed in section 3.4. 
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We see that the OP amplifier converts current to voltage, i.e. its transfer function is 
PD FWM-LO/V i . This type of amplifier is called a transimpedance amplifier. The electrical circuit 
of the transimpedance with a low-pass filter is schematically shown in Fig. 3.8. The 
transimpedance can be changed by choosing different resistors Ramp (the maximum Vbias 
voltage is 5 V and the voltage divider was used to match the lab voltage of 15 V).  
 
Following Eq. (3.3)-(3.5), the value of the output voltage of photodiode PDV  is proportional to 
the AC component of the photocurrent FWM-LOi  
 
 PD FWM-LO FWM LOV i E E        (3.6) 
 
 From Eq. (3.6) it is observable that the variables: output voltage of the photodiode PDV  and 
FWM LOE E  are proportional to each other. 
 
When observing small signals, spurious mixing processes in the detection unit can hamper the 
measurements. Therefore, a careful choice of the electronics behind the photodiode is an 
important issue and is discussed below. 
 
 
 
Fig. 3.8. A schematic draw of the inserted electronics behind the photodiode. OP: OP amplifier. 
HF: HF amplifier, CPD- capacitance of the photodiode and OP amplifier. The detection of the 
photocurrent iin is carried out by low-pass filter. The photocurrent iPD is amplified by the gain 
PD PD/V i . The gain of the transimpedance amplifier can be varied by changing the value of the 
resistance Ramp. A narrow bandpass filter is included for diagnostics of the beat notes amplitudes 
at higher (~ MHz) frequencies.  
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To measure the transfer function of the transimpedance amplifier, a laser diode is modulated 
with the help of RF-generator. The transfer function of the OP transimpedance amplifier is 
shown in Fig. 3.9. It is observable that a signal at frequencies higher than 280 kHz is 
sufficiently filtered. 
 
 
Fig. 3.9. The transfer function magnitude of the photodiode behind the transimpedance amplifier. 
This transimpedance amplifier with self-integrated low-pass filter (fcorner = 280 kHz) is used for the 
detection of the beat note frequency FWM –LO. 
 
The frequencies higher in MHz range can not be efficiently detected behind the low-pass 
filter. For purpose of the elimination of the parasitic signal (will be discussed in section 3.4, 
shown in Fig. 3.20), it is important to diagnose the beat notes between the local oscillator and 
the excitation fields (LO – 1 = 16.649 MHz and 1 – 2 = 16.702 MHz) with PD1. The 
detection of other higher frequencies is unwanted (it increases the noise level). Hence, to 
detect only frequencies LO – 1 and 1 – 2, a narrow bandpass filter is desirable.  To this end, 
the alternative diagnostic output from the photodiode in form of the narrow bandpass filter is 
created. 
 
The transfer function of the diagnostic output is shown in Fig. 3.10. It has a resonance 
frequency of 16.67 MHz and a FWHM  (Full Width at Half Maximum) of about 500 kHz. To 
achieve these parameters, the parameters of the inductance and capacitance are carefully 
chosen. The LC series circuit together with the capacity of the photodiode (and the OP 
amplifier) is coupled through the small capacitance (< 1 pF) to the high-frequency (HF) 
amplifier. The small value of the capacitance is chosen in order to prevent the influence of the 
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HF-amplifier on the low-pass (ordinary) output. Using such narrow bandpass filter with HF-
amplifier, the beat note amplitudes between the local oscillator and the excitation components 
at LO – 1 = 16.649 MHz and 1 – 2 = 16.702 MHz, respectively, are efficiently detected and 
the other high frequencies are suppressed. 
 
Fig. 3.10.  The transfer function of the diagnostics output with maximum gain at 16.67 MHz. This 
output will be used to control the value of amplitude of the beat note at 1 – 2 when suppressing a 
parasitic signal (will be discussed in section 3.4). 
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Lock-in detection 
The output voltage of the photodiode PDV  is recorded with a lock-in amplifier. The lock-in 
amplifier is based on phase-sensitive detection, i.e. the detection is made by synchronizing 
the input signal to the reference signal
8
. 
 
The lock-in amplifier allows for frequency-selected detection of PDV  by narrow filtering if the 
frequency of the input reference fref is equal to fs = FWM – LO . Two approaches are discussed 
for generation of the reference signal to the lock-in amplifier (SR830 - up to 100kHz  
frequency range).  
 
 
 
 
                                                 
8
 The voltage input to the lock-in amplifier is given by PDV ·sin(2fst + s), where fs = FWM - 
LO  and the reference input voltage is VLI·sin(2fref t  + ref). By choosing the reference 
frequency fref  to be equal to the beat note frequency fs, internal mixing product of the lock-in 
is given by 
VPD·sin(2fs t  + sig) · VLI·sin(2fs t   + ref)    
Additionally, by putting a low-pass filter at the lock-in output, only the DC term from the 
equation above is passed through and the other terms are filtered: 
PDV · VLI·cos(s – ref)   
The lock-in, instead, allows the signal detection with an extreme narrow filtering, up to the 
bandwidth of the lock-in (acquisition time of the cleanup oscillator), 25 Hz for SR830. In 
principle, a simple amplifier instead of the lock-in can be used to detect the voltage level PDV . 
Let us assume that the voltage level PDV  (at FWM – LO) is 10
-8
 V. A good amplifier has the 
noise of about 10
-8
 V/√Hz. For example, by taking a bandwidth of 100 kHz and a gain of 
1000, the signal ( PDV ) will be amplified to 10
-5
 V and an effective noise value 3·10
-3
 V is 
much larger than the signal. Additionally, the phase-sensitive detection is not possible with 
the simple amplifier. 
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„Purely electrically‟ produced reference input 
The reference input voltage to the lock-in amplifier is generated by directly mixing the 
electrical signals coming from three RF-generators, as shown in Fig. 3.11. Three RF 
generators are served as AOM drivers and the frequency difference between their RF-signals 
is the same as between the excitation and local oscillator frequencies (46.649 MHz, 63.351 
MHz, and 80 MHz). The RF-signal at frequency 63.351 MHz is sent through the saturated 
RF-amplifier, which results in the electrical nonlinear signal at doubled frequency (126.72 
MHz = 2 x 63.351 MHz). The RF-signals at frequencies 126.72 MHz and 46.649 MHz are 
mixed to produce the RF-signal at 80.053 MHz. This is mixed with the RF-signal at 
frequency 80 MHz to generate the reference signal at 53 kHz, which is used as the reference 
input voltage.  
 
 
Fig. 3.11. A Scheme for the generation of the reference input voltage to the lock-in amplifier. 
 
A scheme for generation of the reference input directly by the AOM drivers can be used if 
drift e.g. due to interferometric path length variations or fluctuations of the acoustic wave 
delay inside the AOMs are low.  
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„All optically‟ produced reference input 
The beat note amplitude FWM LOE E  (and hence PDV ) has phase perturbations that are gained as 
a result of its travelling through the setup due to interferometer noise, AOM driving signals, 
and time-varying AOM phase shifts. Therefore, it is desirable to have the reference input 
voltage, which contains the noise from „the same nature‟ and hence can be common-mode 
rejected. The reference input voltage is generated „all-optically‟ by an additional reference-
photodiode PD2, as shown in Fig. 3.12. The reference-photodiode detects the light from the 
unused output of the beam splitter BS2. The photodiode includes a transimpedance amplifier 
with the cut-off frequency at 70 MHz. This fast amplifier allows to monitor the difference 
frequency between both excitation fields at 16.702 MHz and between the local oscillator and 
one of the excitation fields at 16.649 MHz. These beat notes are filtered with the help of 
narrow bandpass filters and are sent into the RF-mixer. It mixes both beat notes and outputs 
the signal at the difference frequency of 53 kHz (16.702 MHz – 16.649 MHz), which is equal 
to the frequency of the beat note amplitude (see Fig. 3.12). In principle, the diagnostics output 
instead of PD2 for the generation of the reference signal at 53 kHz can be used. However, the 
reference signal that is generated using the diagnostics output might act as a spurious signal if 
it is reflected from the electronics back into the PD1 and reaches the ordinary output. To 
avoid this scenario, the reference signal is generated by the additional photodiode PD2. 
 
 
Fig. 3.12. A scheme for generation of the reference input voltage to the lock-in amplifier „all-
optically‟. Interferometric fluctuations are common-mode rejected.  
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By the „all-optically‟ lock-in reference input, remaining phase-modulation noise of the AOM 
drivers and interferometric fluctuations are common-mode-rejected. 
 
Fig. 3.13 shows the variation of PDV (detected by PD1) as a function of time. PDV is detected 
by the lock-in by directly mixing the electrical signals from the AOM drivers (green) and „all-
optically‟ (blue). It is clearly seen that when the reference input voltage to the lock-in is 
generated „all-optically‟, the signal PDV is more stable and different drifts, i.e. due to 
interferometric noise, are suppressed.  
 
Fig. 3.13. Time variation of the photodiode output PDV  as detected „all optically‟ (blue) and 
„purely electrically‟ (green). It is clearly seen that „all-optically‟ detected signal is more stable. 
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3.3 Measurement of waveguide‟s nonlinearity 
using heterodyning 
  
To demonstrate the sensitivity of the heterodyne detection, a short piece (13.5 mm) of a 
standard optical fiber SMF-28 as a waveguide is tested. The verification of the FWM 
generation is done by reducing the optical power behind the EDFA and in front of the 
photodiode PD1, respectively, as shown schematically in Fig. 3.14.  
 
Fig. 3.14. The optical power is reduced by placing the attenuator (Ta) behind the EDFA (top) or in 
front of the photodiode (bottom).  
 
By attenuating the optical power in different positions within the setup, different potential 
dependence of the AC photocurrent between the local oscillator and the FWM ( FWM-LOi ) on 
the average photocurrent is observed due to the fact that 2FWM 1 2P P P ( P E ). The average 
(DC) photocurrent iDC is given by  
 
 pc,DC a 1 2 LO( )i T P P P       (3.7) 
 
where P1, P2, PLO are the measured optical powers from local oscillator and excitation fields 
that fall on the photodiode PD1, and Ta the attenuation factor (also shown in Fig. 3.14). Note 
that the contribution to the average photocurrent of the FWM signal is neglected, since its 
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magnitude is much smaller than from the optical powers from the local oscillator and 
excitation fields (due to the short fiber, the gained FWM is small).  
 
When the attenuation is performed before the nonlinear interaction occurs (behind the 
EDFA), the AC photocurrent FWM-LOi  is reduced by each of the excitation and local oscillator 
optical powers as 
 
  
2 2 2
FWM-LO a 1 a 2 a LO a 1 2 LOi T P T PT P T P P P     (3.8) 
 
This leads to the quadratic dependence of the beat note photocurrent FWM-LOi on the 
transmittance (quadratic power law). When the attenuation takes place after the nonlinear 
interaction (in front of the photodiode, behind BS2), the FWM optical power and the local 
oscillator optical powers are attenuated, i.e. the beat note photocurrent FWM-LOi  is attenuated 
linearly with the transmittance, resulting in a linear power law, since  
 
   2 2FWM-LO a 1 2 a LO a 1 2 LOi T P P T P T P P P     (3.9) 
 
Fig. 3.15 shows the beat note amplitude ( FWM-LOi ) dependence on the average photocurrent 
iDC for the attenuation in front of the photodiode and behind the EDFA. The linear and 
quadratic dependences of the beat note amplitude on the average optical power behind the 
EDFA and in front of the photodiode, respectively, are observed. This provides the 
experimental evidence that the nonlinearity in fact arises from the SMF-28 fiber. 
 
It is worth to note, that by putting the attenuator in other place within the setup, e.g. behind 
the waveguide and in front of the BS2, yields the square-rooted dependence, since the optical 
power of the local oscillator is not attenuated (this case is not shown in Fig. 3.14). 
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(a) 
 
 
(b) 
 
Fig. 3.15. Experimental evidence of the nonlinear signal from short piece of fiber (SMF-28). The 
normalized beat note amplitude ( FWM-LOi ) is plotted as a function of the average photocurrent 
iDC. Experimental results are depicted as circles. (a) Attenuation is done after the nonlinear 
interaction (in front of the photodiode behind BS2). A continuous line reveals a linear power law. 
(b) Attenuation is done before the nonlinear interaction (directly behind the EDFA). A continuous 
line reveals a quadratic power law.  
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The effective nonlinearity of 13.5 mm short SMF-28 is -1 -1SMF-28 1.94 W km  , which is in 
agreement with the value reported in [Agra89]. The value is obtained by comparing the beat 
notes, as explained below.  
The beat note amplitude between the FWM product and the local oscillator ( FWM LOE E ) is 10
-2
 
times that of the beat note amplitude between the excitation field at 1 and the local oscillator 
( 1 LOE E ). This means that the level of the optical power 1P  is 40 dB larger than the level of the 
optical power from the mixing product. The average optical powers (Pav) behind the 
waveguide are 1 3 mWP   and 2 1.5mWP  , for the excitation fields at 1  and 2 , 
respectively. As a consequence, the average optical power of the mixing product behind the 
waveguide is 4 7FWM 3mW /10 3 10 WP
   . As it was shown in chapter 2, for the quantitative 
determination of effective nonlinearity it is necessary to measure the peak optical powers 
P1,peak, P2,peak and PFWM,peak. Using 
2
FWM,peak 1,peak 2,peak/ /P P P L  , the effective nonlinearity 
is -1 -1SMF-28 1.94 W km  . The conversion between the peak and the average powers for the 
determination of the effective nonlinearity is done by using the following formula 
 
 avpeak
r p
1P
P
f 
       (3.10) 
 
which ignores the parameters due to the pulse characteristics. For example, for Gaussian-
shaped pulses the relation between peak and average power is avpeak
r p
1
0.94
P
P
f 
   and for 
sech
2
 shape pulses this relation is avpeak
r p
1
0.88
P
P
f 
  . Eq. (3.10) is a good approximation if 
the temporal shape of the pulse does not contain wings.  
 
 
 
 
Chapter 3 - Experimental setup 
 44 
3.4 Technique for elimination of the parasitic 
signal when investigating weak optical 
nonlinearities 
 
By investigating waveguiding samples with weaker optical nonlinearities than of SMF-28 
(i.e. HC-PCF), different types of concurrent signals due to the photodiode can hamper the 
detection. A parasitic concurrent signal is an unwanted background signal, whose frequency 
is equal to the frequency of the beat note amplitude at FWM – LO. A technique that eliminates 
the parasitic signal has been developed in the scope of this thesis.  
 
A basic test to verify that a signal comes from the waveguide can be performed by observing 
a zero signal at FWM - LO when blocking any of the three arms (both arms of the excitation 
and local oscillator signals), respectively. An additional verification is the linear dependence 
of the beat note photocurrent on the DC photocurrent in front of the photodiode, as discussed 
previously in section 3.3. Fig. 3.16 shows the photocurrent due to the concurrent parasitic 
signal at frequency FWM – LO as a function of the average photocurrent, which was varied by 
attenuating the optical power in front of the photodiode (behind BS2). From the figure is 
observable that the photocurrent shows a quadratic (and not linear, as in Fig. 3.15a) power 
law. This means that the parasitic signal is dependent on the optical power and is generated 
behind the attenuator, i.e. in the detection unit.  
 
The parasitic signal due to the detection unit can be generated either before the conversion the 
light into the photocurrent (during the photo-detection process) or after it.  
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Fig. 3.16. Observation of the parasitic signal that is generated in the detection unit. The 
normalized beat note amplitude ( FWM-LOi ) is plotted as a function of the average photocurrent 
ipc,DC.  Experimental results are depicted as circles.  The continuous line reveals a quadratic power 
law, when attenuating the optical power in front of the photodiode. The photocurrent FWM-LOi  is 
due to the parasitic signal at frequency FWM LOv v  The parasitic signal in the detection unit 
(photodiode and/or transimpedance amplifier) can hamper the detection. 
 
The first step to eliminate the parasitic signal generated in the photodiode is to use the 
photodiode, where this effect is the smallest. This happens for photodiodes with large active 
area, since the detected intensity is small and for this reason the generated parasitic signal due 
to the nonlinearity in the photodiode is small ( Nonlinearity Power/Area ). Several 
photodiodes that are fast enough to detect the beat note with areas of order of mm
2
 are 
selected in order to observe in which photodiode the generated parasitic signal is the smallest. 
It turned out that a 1mm
2
 photodiode of type FGA10 from Thorlabs generates significantly 
smaller parasitic signal than other tested photodiodes.  
 
The level of the observed parasitic signal from FGA10 photodiode is 45 dB smaller than the 
mixing product from the SMF-28, but still greater than the expected mixing product from 
HC-PCF. The mixing product from HC-PCF is expected to be 60 dB (10
3
 times in amplitude) 
smaller than from SMF-28 (HC-PCF has a nonlinearity that is about 10
3
 times smaller than 
SMF-28, since HC-PCF guides most of the light through its hollow core). 
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To identify the source of the parasitic signal in the photodiode and to see if the parasitic 
signal is generated before the conversion of the light into the photocurrent, the intensity is 
changed while keeping the averaged photocurrent constant. The results of this experiment are 
shown in Tab. 3.1. From the table is observable that the level of the photocurrent at frequency 
FWM – LO is changed only in 10%. Hence, the dominant parasitic signal is generated after 
the light conversion, i.e. due to the photocurrents, which are independent on the illuminated 
area on the photodiode. 
 
Active area 
covered by 
light [%] 
 
100% 
 
50% 
 
25% 
Level of the 
parasitic 
signal 
(normalized). 
1 1.1 1.1 
  
Tab. 3.1. The intensity (illuminated active area) is changed by keeping the averaged photocurrent 
to be constant. No significant change in level of the parasitic signal at frequency FWM – LO  is 
observed. Therefore, the photo-detection process does not dominate the generation of the parasitic 
signal. 
 
The parasitic signal after the light conversion is generated as a result of the interaction of the 
photocurrents and the illustration of this process is shown in Fig. 3.17. The parasitic signal 
due to the photocurrents is generated when the photocurrent beat signal at 1  – 2  („a‟ in    
Fig. 3.17) and the photocurrent beat signal at LO – 1  („b‟) interact and produce a signal („c‟) 
at      1 2 LO 1 1 2 LO2            , i.e. with the same frequency as the desired 
heterodyne beat signal („d’). The interaction of the photocurrents can occur either in the 
photodiode or in the OP transimpedance amplifier. 
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Fig. 3.17. Scheme for visualisation of parasitic signal generation. The photocurrent beat 
signals between the excitation and the local oscillator fields „a‟ and „b‟ generate the 
concurrent parasitic signal „c‟ at the same frequency as the desired beat signal „d‟. The 
desired signal might be smaller than the concurrent signal. This hampers the detection of the 
FWM from the sample of interest. 
 
The dominance of the parasitic signal due to the interaction of the photocurrents in the 
transimpedance amplifier is excluded by performing the experiment, which is schematically 
shown in Fig. 3.18. The photocurrents at LO – 1 and 1 – 2 are simulated by producing the 
currents electrically. Instead of the photodiode, two RF generators are inserted behind the 
photodiode and in front of the amplifier. The RF generators produce signals at frequencies, 
which are equal to the frequencies LO – 1 and 1 – 2. The amplitudes of the currents at the 
output of the amplifier are adjusted to be the same as the amplitudes of the photocurrents. The 
measured parasitic signal amplitude at frequency FWM – LO at the output of the amplifier due 
to the currents is about 50 times smaller than the observed parasitic signal that is produced by 
the photocurrents (with the photodiode in front of the amplifier). Therefore, the dominant 
parasitic signal is due to the photocurrents interaction in the photodiode. 
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Fig. 3.18. The beat notes between the excitation fields at 1 – 2 and between the local oscillator 
and the excitation field at LO – 1 generate the parasitic signal at FWM – LO either in the 
photodiode (right) or in the transimpedance amplifier behind the photodiode (left). To reveal the 
dominant process (photocurrents interaction in the amplifier or in the photodiode), the frequencies 
f1 and f2  have been generated electrically behind the photodiode and in front of the amplifier. RF 
generators are denoted by D1 and D2. The parasitic signal due to currents interaction in the 
transimpedance amplifier is much smaller than the parasitic signal due to the photocurrents 
interaction in the photodiode. 
 
 
The parasitic signal due to the interaction of the beat note photocurrents in the photodiode can 
be reduced by developing a compensation technique, which details are explained further.  
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Elimination of the parasitic signal 
The technique is based on the elimination of one of the beat photocurrents („a‟ or „b‟) that is 
responsible for the parasitic signal generation. The principle of the compensation technique is 
schematically depicted in Fig. 3.19. As a result of the reduction of one of the beat 
photocurrents (i.e. a 1 2cos(2π( ) )i t   , „a‟) that is involved in generating the parasitic signal, 
the concurrent parasitic signal c FWM LOcos(2π( ) )i t    is reduced as well.  
 
 
 
 
Fig. 3.19. Visualisation scheme for elimination of the concurrent signal. An additional signal „e‟ at 
frequency 1 −2 is sent with the opposite phase to the signal „a‟ onto the photodiode. By this 
procedure, the parasitic signal „c‟ is eliminated, which allows the detection of the desired signal „d‟. 
 
In order to reduce the beat photocurrent a 1 2cos(2π( ) )i t   , an additional auxiliary 
photocurrent e ecos(2π )i f t  is generated („e‟ in Fig. 3.19). The frequency of the compensation 
photocurrent „e‟ is identical to the frequency of the photocurrent „a‟, i.e. e 1 2f     and the 
amplitudes of both photocurrents have the same strength. The signal „e‟ is sent with the 
opposite phase to the signal „a‟ onto the photodiode. By this procedure the photocurrent „a‟ 
and hence the parasitic signal „c‟ can be efficiently suppressed. 
 
The required counterphase relation between both photocurrents can be reliably achieved using 
compensation pulses from the second (unused) output of the beam splitter BS1, which 
combines the pulses at 1 and 2  in front of the samples. This is shown in Fig. 3.20. To 
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achieve the efficient compensation of the photocurrent at 1 2  , two conditions have to be 
satisfied: the phase difference of 180 degrees and the same amplitude of the photocurrents „a‟ 
and „e‟.  
 
The compensation photocurrent „e‟ is generated by sending two additional pulses at 
frequency 1 and 2 onto the same position of the photodiode where the other signals are 
detected. Owing to the long time delay (about 20 ps) with respect to the pulses coming from 
the arm where the sample is located, these fields do not interfere with the excitation fields but 
generate an AC photocurrent component at 1 2  . The frequency of this compensation 
photocurrent is different from the desired signal at FWM LO  , hence, the value of the latter is 
not affected by this procedure. If the phase of the current „e‟ is chosen to be in counter-phase 
to „a‟, both current components cancel each other for suitably chosen amplitudes. The 180 
degrees phase difference is automatically accomplished using the fact that both photocurrents 
are generated from the fields that split on BS1 and meet again on BS2, i.e. due to the energy 
conservation law („compensation arm‟ and „sample arm‟, Fig. 3.20). Therefore, the overall 
photocurrent on the photodiode PD1 at frequency 1 2   can be summed up to DC.  
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Fig. 3.20. Experimental setup for elimination of the concurrent parasitic signal. The overall 
photocurrent at 1 – 2 is generated from the same fields that split on BS1 and meet on BS2. ATT 
- Attenuator on motorized stage, DR-Driver to the motorized stage, Aux_PD - InGaAs photodiode 
for generating the reference signal to the RF lock-in amplifier. The compensation arm is used for 
the elimination. To fine adjustment of the phase between the photocurrents („a‟ and „e‟), the 
polarization of the excitation fields at 1 and  2 is slightly changed using /2 wave plates. In the 
compensation arm the combination of /4 wave plate with PBS3 changes the phases of the fields 
at 1 and  2, and hence of the compensation signal.  The amplitude of the signal is automatically 
adjusted using a feedback loop. The reference input at 
FWM LO   to the lock-in is generated by 
mixing the photocurrents at 1 2   from Aux_PD and LO 1   from PD2. 
 
A feedback loop is inserted to control the overall amplitude of the photocurrent at 1 2   and 
to minimize its value. The amplitude and the phase of the overall photocurrent (at 1 2  ) are 
recorded with the help of the additional RF lock-in amplifier (SR844). The reference input to 
RF lock-in is provided by using an auxiliary InGaAs photodiode (Aux_PD). This photodiode 
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is inserted behind the beam splitter that overlaps the excitation fields (BS1). The feedback 
includes a linear attenuator, which is mounted on the motorized stage. This obtains the error 
signal (the remaining overall signal at 1 2  ) from the RF lock-in output. For the fine tuning 
of the phase of the overall photocurrent, as a first step, two half-wave plates are inserted in 
each arm of the excitation fields. They rotate the linear polarized light by a small angle to 
have the light in both x and y axes, since for the relative phase shifting both components are 
required. Next, a quarter-wave plate and a polarizing beam splitter are inserted into the 
compensating arm. This is done in order to change the phase between the x and y components 
and so to tune the phase difference between the signals coming from both arms to be exactly 
180°. Please note that the reference input to the RF lock-in is not generated employing the 
same photodiode as for generating the reference input for the detection of the beat note at 
FWM LO   (PD2). This is due to the fact that also PD2 photodiode detects the overall 
photocurrent at frequency 1 2  , which amplitude is zero. 
 
The reduction of the parasitic signal is verified experimentally and the results are shown in 
Fig. 3.21. The phase of the compensation signal „e‟ is 180 degrees to the phase of the signal 
„a‟ and the power of the compensation signal was changed by the attenuator. It can be 
observed that for the same amplitude of signals „a‟ and „e‟, both the total signal at frequency 
1 2   and the parasitic signal at frequency FWM LO   are eliminated simultaneously.  
 
Using the technique, a suppression of 35 dB of the parasitic signal is achieved. Further 
suppression can be achieved by employing a faster feedback system (faster response time of 
the motorized stage). Another option is to compensate the photocurrent at frequency LO 1  . 
The suppression of 35 dB allows for investigation of samples with mixing products that have 
120 dB (40 dB + 45 dB + 35 dB) smaller power than the excitation signals. 
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Fig. 3.21. Elimination of the concurrent parasitic signal. By employing the technique explained in 
text and schematically shown in Fig. 3.20, the overall signal at frequency ν1 − ν2 (green circles) and 
hence the concurrent parasitic signal (blue triangles) are eliminated. 
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3.5 Summary & Conclusion  
The proposed setup allows to measure optical nonlinearities of the short waveguides by using 
moderate optical power. Heterodyning allows to detect mixing products that are many orders 
of magnitude weaker than its excitation fields. The elimination of the concurrent signal 
allows to detect weak nonlinearities. The measurements of the nonlinearities are done by 
taking peak amplitudes into account. Exact measurements of these quantities are difficult. 
Thus methods are desired that do not require characteristics of these laser parameters.  
An experimental setup for the measurement of the fast optical nonresonant nonlinearities in 
waveguides is designed, implemented and tested. The setup configuration is based on the 
nearly-degenerate FWM scheme in collinear geometry combined with heterodyning. 
Heterodyne technique assisted to separate the FWM product from the excitation fields, which 
cancels phase fluctuations of the laser optical carrier frequency. The FWM beat note 
amplitude is detected by the photodiode with the low-frequency and recorded by the lock-in 
amplifier. The reference input to the lock-in is generated „all-optically‟ and hence 
interferometric fluctuations are common-mode-rejected. The proposed setup is verified by 
employing a short piece of optical fiber. The technique for elimination of the concurrent 
parasitic signal arising from the photodiode is developed and implemented. Using the 
technique, the parasitic signal is suppressed by 35 dB, which opens up a gate for investigation 
of the samples with mixing products that have 120 dB smaller power than the excitation 
signals. 
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Chapter 4 
 
Referencing to a Bulk Sample: Investigation 
of third-order nonlinearities in waveguides, 
independent of laser parameters 
 
In this chapter a principle of operation of the method that allows to measure optical 
nonlinearities without need to measure peak amplitudes of the excitation fields is proposed. 
 
The idea is to compare directly the optical nonlinearity of the waveguide of interest with that 
of an additional calibrated sample under identical experimental circumstances.  
The nonlinearity of the waveguide is measured by referencing its value to the value of the 
nonlinearity of the bulk sample with well-known optical properties.  
 
To make a comparison of the nonlinearities, the bulk sample is placed behind the waveguide. 
The contribution of the nonlinearity of the bulk sample to the overall nonlinear signal is 
switched on and off by shifting it either closer or further away from the waveguide‟s output. 
Placing the bulk behind (and not in front of) the waveguide ensures the same spatial beam 
profile for both samples when the bulk is located (directly) at the waveguide‟s output. The 
procedure is depicted in Fig. 4.1. 
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Fig. 4.1. Principle of the Referencing-to-Bulk Sample (ReBuS) method. The overall FWM signal 
is given by two contributions: one from the waveguide and the other from the bulk sample. The 
bulk sample is shifted behind the waveguide and as a result, the nonlinear contribution from the 
bulk sample to the overall nonlinear signal changes. When the bulk sample is located far from the 
waveguide ( eff,bA >> eff,wA ), its contribution is neglected ( FWM eff1/E A ).  When the bulk is 
located directly behind the waveguide ( eff,b eff,wA A ), it contributes noticeably to the overall 
signal. Mode field area of the waveguide is denoted by eff,wA . Spatial profile of the beam coming 
out of the waveguide and entering the bulk sample is denoted by eff,bA . The optical properties of 
the bulk sample are well-known. 
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In the following the procedure is described mathematically. For the sake of simplicity it is 
assumed that both samples (waveguide and bulk) do no have nonlinear absorption, i.e. their 
nonlinear fields are in phase. Using Eq. (2.5), the FWM field EFWM from the waveguide „w‟ is 
expressed by   
 
 
2,w 0 2
FWM 1,peak 2,peak w
eff,w
n k
E E E L
A
 
   
 
  
 
where n2,w  is a value of interest and describes the nonlinearity of the waveguide. The overall 
FWM field EFWM from both samples is given by 
 
2,w 0 2,b 02 2
FWM 1,peak 2,peak w 1,peak 2,peak b
eff,w eff,b
n k n k
E E E L E E L
A A
   
       
   
  (4.1) 
 
where „w‟ and „b‟ indicate the waveguide and bulk samples.  
 
Eq. (4.1) shows that the FWM signal includes two terms. The first term is proportional to the 
nonlinear refractive index of the bulk sample 2,bn and it is „well known‟ value. The second 
term is proportional to the unknown nonlinear refractive index of the waveguide 2,wn . When 
the bulk sample is placed far from the waveguide‟s output (bottom of Fig. 4.1), its 
contribution to the overall nonlinear signal is negligible, since the spatial profile of the bulk 
sample Aeff,b is much larger than that of the waveguide eff,bA >> eff,wA . In such case, the overall 
FWM field is given by  
  
 
2,w 0 2
FWM,far 1,peak 2,peak w
eff,w
n k
E E E L
A
     (4.2) 
 
where FWM,farE  corresponds to the value of the FWM when the bulk sample is far from the 
waveguide‟s output.  
 
When the bulk sample is placed directly behind the waveguide‟s output, so that Aeff,w = Aeff,b , 
the overall FWM field is given by 
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  2 2FWM,close 2,w 0 1,peak 2,peak w 2,b 0 1,peak 2,peak b
eff,w
1
E n k E E L n k E E L
A
    (4.3) 
 
where FWM,closeE  corresponds to the value of FWM when the bulk sample is located at the 
waveguide‟s output.   
 
The observation of the FWM is made through the detection of the beat note 
amplitude FWM-LO FWM LOi E E . This means the ratio between the measured photocurrents due 
to the contributions FWM,closeE and FWM,far
E  (Eq. (4.2) and Eq. (4.3)) is given by 
 
 2 2 2 22,w 0 1,peak 2,peak w 2,b 0 1,peak 2,peak b
FWM-LO,close FWM,close LO FWM,close eff,w
2 2FWM-LO,far FWM,far LO FWM,far
2,w 0 1,peak 2,peak w
eff,w
FWM,close 2,w w 2,b b
FWM,far 2,w w
1
1
1
n k E E L n k E E L
i E E E A
i E E E
n k E E L
A
E n L n L
E n L

  

  
 

2,b b
2,w w
n L
n L



 (4.4) 
 
Most noticeably from Eq. (4.4): the nonlinear refractive index of the waveguide n2,w is 
determined without measuring the laser parameters. This happens when the nonlinear 
refractive index of the bulk sample n2,b and the lengths of both samples (Lb, Lw) are known. 
 
I called this method Referencing to Bulk Sample (ReBuS). 
 
By ReBuS, the laser parameters, such as excitation peak amplitude and a need to determine 
the shape of the pulse are ruled out and easily measurable quantities such the samples‟ length 
and the well-known nonlinearity of the bulk material are left. 
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Imaging system  
 
To ensure the same mode field areas in both samples, i.e. Aeff,b = Aeff,w (Eq. (4.3)), a 1:1 
imaging system is used as schematically depicted in Fig. 4.2. The mode field area of the 
waveguide‟s output Aeff,w is imaged 1:1 to its focal plane. The bulk sample is longitudinally 
shifted around the focal plane and as a result its mode field area (Aeff,b) changes. The 1:1 
imaging approach (Fig. 4.2) yields a clear signal maximum as a function of z-position as 
opposed to a simple butt-coupling scheme (Fig. 4.1). 
 
 
Fig. 4.2. Principle scheme of the 1:1 imaging system. The condition Aeff,w = Aeff,b  is satisfied when 
the bulk is located in focal plane. 
 
Two off-axis parabolic (OAP) mirrors and two flat mirrors are used in order to implement the 
imaging system. This setup is shown in Fig. 4.3. The employed OAP mirror is a type of 
mirror that focuses an incident collimated light to an angle of 90°. The mirror is gold coated 
to maximize reflection at 1580 nm. The advantage of using the OAP mirrors instead of 
ordinary lenses is that the OAP does not have chromatic aberrations. The alignment of the 
OAP mirrors is not trivial, since any small deviation of the beam from the proper position on 
the paraboloid leads to a large imaging error [Burk09]. For this reason, a procedure for the 
alignment and its verification of the 1:1 imaging system has been developed. 
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Fig. 4.3. Implementation of the 1:1 imaging system. The 90° off-axis parabolic mirror (OAP) does 
not have chromatic aberrations opposed to the ordinary lenses. The overall power transmission 
factor of the 1:1 imaging system is TIS = 0.81.  
 
For configuration of the 1:1 imaging system a separate alignment of the two OAP mirrors is 
necessary. This is done with the help of the setup that is shown in Fig. 4.4. Besides the OAP 
mirror, the setup includes a retroreflector, a single-mode waveguide, and a beam splitter. The 
optical properties, such as reflection and transmission coefficients of these components, have 
been measured previously and hence they are known. The measured power from the beam 
splitter‟s reflected light (Pout in Fig. 4.4) is equal to the power that is measured in front of the 
retroreflector (Pin) multiplied by the reflection coefficients of the retroreflector, the OAP, and 
the beam splitter. The coupling efficiency back into the waveguide is not taken into account, 
since this is unity for aligned properly OAP mirror. 
 
 
Fig. 4.4. The setup for the alignment of the OAP mirror is shown. The power that is measured 
from the beam splitter‟s reflected light (Pout) is equal to the power that is measured in front of the 
retroreflector (Pin) multiplied by the reflection coefficients of the retroreflector, the OAP, and 
beam splitter. The coupling coefficient due to the waveguide is not taken into account, since it is a 
unity for the aligned properly OAP. 
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The second OAP mirror is aligned in the similar way with the help of an auxiliary single-
mode waveguide with comparable optical parameters. Both flat mirrors (Fig. 4.4) are used to 
align the collimated light between the OAP mirrors. As a final step to estimate the quality of 
the 1:1 imaging, a flat mirror is inserted instead of the auxiliary waveguide. The effective 
coupling efficiency is 90%. The imperfect 1:1 imaging is mainly due to the scattered light 
from the OAP mirrors. The coupling efficiency of 90% means that the difference in the 
effective mode areas between both samples is not larger than 10%. 
 
Butt-coupling configuration 
In principle, in order to compare between the samples, the bulk sample can be placed directly 
behind the waveguide. However, the butt-coupling configuration that is depicted in Fig. 4.1 
has disadvantages. First of all, to locate the bulk sample directly behind the waveguide output 
might be difficult, e.g. if the waveguide is angle cleaved. An additional constraint of the butt-
coupling configuration is due to Fabry-Perot (FP) resonances that might arise between the 
waveguide and bulk surfaces, as schematically depicted in Fig. 4.5a. Both excitation fields are 
modulated due to FP resonances which leads to a modulation of the heterodyne beat 
amplitude.  The amplitude of the FP resonances is increased when the distance „dFP‟ is 
comparable to the coherence length. With the pulse parameters that are used here, a coherence 
length of about 30 m is obtained. This means that when the bulk sample is close to the 
waveguide‟s output ( eff,b eff,wA A ), these resonances contribute significantly to FWME . This 
happens, since the optical excitation fields are modulated in the FP resonator and behave in 
similar way as a FWM that is generated in the samples. 
 
The FP fringes are indeed observed and are shown in Fig. 4.5b. One observes the amplitude 
change at heterodyne beat amplitude as a result of shifting the bulk sample toward and away 
from the waveguide‟s output. Similar changes were observed when measuring the beat notes 
between the excitation fields. Instead, by using the 1:1 imaging system, the FP fringes are 
avoided in such way that on the one hand, the distance between the surfaces of the samples is 
sufficiently longer than the coherence length to efficiently rule out the FP effects, but on the 
other hand, the condition Aeff,b = Aeff,w  is satisfied.  
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Fig. 4.5 (a). Using the butt-coupling configuration, unwanted Fabry-Perot resonances arise when 
the confocal parameter of the waveguide is comparable to the coherence length. 
Fig. 4.5 (b). The contribution of the unwanted FP resonances to the overall signal at FWM – LO 
varies depending on the distance between the waveguide and the bulk surfaces. For example, a 
positive contribution from the FP resonances is marked in the figure when the bulk sample is close 
to the waveguide‟s output. The distance between global maximum and minimum is equal to the 
distance between the samples„ surfaces. The distance between two neighbouring local maxima is 
equal to half wavelength. The unwanted FP resonances are avoided using 1:1 imaging system. 
 
 
Gouy phase shift for the imaging system 
A Gouy phase has to be considered when applying a 1:1 imaging system, since an 
electromagnetic (or acoustic) wave experiences such a phase shift when travelling along the 
waist region [Rubi38, Boyd80]. The spatial variation of the wave phase ( )z relative to the 
infinite plane wave is given by 
 
c( ) arctan( / 2 )z z N         (4.5) 
 
This means that the excitation field experiences a phase shift of carctan( / 2 )z N , when 
propagating through the focus. The nonlinear and the excitation fields might experience 
different Gouy phase shifts. For example, for the case of the third-harmonic generation 
( 13v v ), the nonlinear field has Gouy phase shift of c( ) 3arctan( / 2 )z z N   , so that the 
phase difference relative to the excitation field is 
c2arctan( / 2 )z N . However, the FWM 
nonlinear field at FWM=1 –2 has Gouy phase shift of  
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c c c( ) 2 arctan( / 2 ) arctan( / 2 ) arctan( / 2 )z z N z N z N          (4.6) 
 
and thus equal to the Gouy phase shift that experience the excitation fields. Therefore, there 
is no phase flipping between the nonlinear and excitation fields caused by the Gouy phase. 
This means that the nonlinear fields at FWM=1 –2  that are generated in the waveguide 
and in the bulk sample experience the same Gouy phase shift.  
 
Geometrical requirements for the samples using OAP mirrors 
The OAP mirrors are free of chromatic aberrations, as it was mentioned earlier. However, this 
type of mirror can image properly only a single point. Therefore, the spot that comes out of 
waveguide would preferably have a round-uniformly distributed shape, i.e. the fundamental 
mode profile so that its image is a single point. Image of the beam profile of the waveguide 
that guides higher-order modes would not have a single point, so that OAP mirrors are not 
suitable for the imaging of the waveguides that do not guide single mode.  
 
 
Fig. 4.6 shows the simulation of the overall FWM signal for two different values of bulk 
thickness (Lb) and confocal parameter Nc, assuming a Gaussian beam profile
9
. The 
simulations give an intuition of how the overall FWM signal changes as a function of 
propagation direction (z), bulk thickness, and confocal parameter of the waveguide. It is 
observable that the contribution of the bulk sample changes when it is shifted along the focus: 
overall FWM signal is solely determined by the nonlinearity of the waveguide when the bulk 
                                                 
9
 The mathematical treatment of the propagation of the light with Gaussian profile along the 
focus is found in references [Ward69, Bjor75]. For the case of nearly-degenerate FWM, 
2 1  << 1 2,  , the overall FWM signal as a function of the bulk thickness Lb and the 
confocal parameter Nc can be expressed as  
FWM b c 2
1
( ', , ) '
(1 ' )
E z L N d






  
where z’ is a position of the bulk sample relative to the focal plane, c2 '/z N  , and 
b c2( ') /L z N   .   
 
Chapter 4 - Referencing to a Bulk Sample 
 65 
is located far from the focus and for the case where the bulk is close to the waveguide‟s 
output, the contribution is not negligible. The bulk sample contributes noticeably to the FWM 
signal when it is placed within the range (Lb + Nc) around the focal plane. At the focal plane 
(z = 0), the FWM signal due to the nonlinearity of the bulk sample contributes maximally to 
the overall FWM. For confocal parameter that is shorter than bulk thickness, the value of the 
confocal parameter should be used for Lb in Eq. (4.4). This is due to the fact that the entire 
confocal parameter is contained within the bulk sample when the latter is in the vicinity of the 
focal plane. 
 
Fig. 4.6. The bulk sample is shifted along the focus (z = 0) and its contribution to the overall signal 
changes. Two cases for different values of confocal parameter (Nc) and bulk thickness (Lb) (for the 
ratio of 3) for Gaussian profile are shown. (a) the bulk is shorter than the confocal parameter. (b) 
the bulk sample is larger than the confocal parameter. 
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4.1 Summary & Conclusion 
 
ReBuS allows investigation of fast nonresonant optical nonlinearity in waveguiding samples 
without measuring the laser parameters, such as peak amplitudes of the excitation fields by 
direct comparison to the nonlinearity of the bulk material.  
A concept is developed that allows for detection of optical nonlinearities without 
characterizing the laser pulse. The name is “Referencing to Bulk Sample” (ReBuS): optical 
nonlinearity of the waveguide of interest is directly compared with an additional bulk sample 
with well-known optical properties under the same experimental circumstances. In my 
implementation, the bulk sample is placed at the focal plane of the waveguide‟s output by 
using the 1:1 imaging system with OAP mirrors. This allows to investigate single-mode 
waveguides. The value of the FWM signal changes depending on the longitudinal position of 
the bulk with respect to the focal plane. Two measurements are required for the determination 
of the optical nonlinearity of the waveguide under test: one with the bulk sample shifted to 
the position where it has the same mode field area as waveguide, and hence contributes 
noticeably to the overall FWM signal, and the other with being shifted far from that position, 
and hence not contributing to the FWM.  
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Chapter 5 
 
 
 
Experimental demonstration of ReBuS  
 
In this chapter ReBuS is demonstrated experimentally. The experimental setup that explained 
in chapters 3 and 4, is schematically shown in Fig. 5.1. 
 
 
Fig. 5.1. Schematic setup of ReBuS for investigation of fast optical nonlinearities (compensation 
arm is not shown). 
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5.1 Experimental results for waveguides 
Experimental results for SMF-28 
To demonstrate the method experimentally, the nonlinearity of a short piece of standard 
optical fiber SMF-28 is measured and the results are shown in Fig. 5.2. A bulk made of fused 
silica material is used as reference sample. Using ReBuS, the nonlinear refractive index of the 
SMF-28 is found 
20 2 1
2,SMF-28 3 10 m Wn
   . This result is in agreement with the values 
measured in references [Stol78, Kato95]. The value is calculated using the following equation 
 
FWM, close
FWM, far
2,w w 2,b b tot
2,w w
E
E
n L n L T
n L

      (5.1) 
 
where totT  is a transmission factor due to Fresnel losses of the samples and transmission of 
the imaging system
10
. The length of SMF-28 is w 9.5mmL  and the length of the fused silica 
bulk sample is Lb = 25 m. 
                                                 
10
 It is necessary to take into account parameters due to the Fresnel losses and the 
transmission of the imaging system: 
FWM, close
FWM, far
2 3 2 3 3 3 3
2,w w 1 2 IS aw wa ab ba 2,b b 1 2 IS aw wa ab ba
2 3
2,w w 1 2 IS aw wa ab ba
E
E
n L E E T T T T T n L E E T T T T T
n L E E T T T T T

   (5.2) 
where the indices  „a‟ , „w‟, and „b‟ stand for air, waveguide and bulk and Txy is a Fresnel 
transmission coefficient of the surface between the materials x and y, and TIS is the total 
transmission of the imaging system. The coefficients Txy and TIS enter with different powers 
in the contributions from the waveguide and the bulk samples, depending on whether they 
must be applied before or after the generation of the respective FWM field. The contribution 
of the Fresnel loss from the waveguide entrance surface affects the excitation intensity in both 
samples whereas the loss of the bulk exit surface reduces both FWM signals by the same 
factor. Therefore, these both effects cancel out in Eq. (5.1). The remained Fresnel coefficients 
are due to the light that comes out of the waveguide and enters the bulk sample. Hence, Eq. 
(5.2) is simplified to Eq. (5.1) 
FWM, close
FWM, far
2,w w 2,b b IS wa ab 2,w w 2,b b tot 2,b b
tot tot IS wa ab
2,w w 2,w w 2,w w
1 ( )
E
E
n L n L T T T n L n L T n L
T T T T T
n L n L n L
 
    
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Fig. 5.2. Experimental results using ReBuS for SMF-28 fiber. A fused-silica bulk sample is shifted 
along the focus of the 1:1 imaged output of the SMF-28 fiber (z=0). Experimental results are 
depicted as circles. The theoretical solid curve has been calculated assuming a Gaussian beam 
profile and confocal parameter of 110 m. The ratio 1.002  is given by FWM, close
FWM, far
2,b b
tot
2,w w
1
E
E
n L
T
n L
  . 
 
Experimental results for HC-PCF 
The confinement of the light in the hollow-core photonic crystal fiber (HC-PCF) core is based 
on the photonic bandgap structure of the cladding (Fig. 5.3). The photonic bandgap is the 
spectral range, in which the light in the core propagates with minimal losses. The width, 
shape and central wavelength of the photonic bandgap change depending on the size of holes 
(hollow cells) in the periodic structure of the cladding, the holes‟ shape and distance between 
them (e.g. [Russ03]). Outside the bandgap, the light cannot be trapped in the core and leaks to 
the cladding where the attenuation is high. Within the bandgap, the light is localized within a 
vicinity of the core and the attenuation is small. The HC-PCFs that are shown in figures are 
single-mode fibers [Nktp01, Nktp02]. Scattering due to imperfections in the fiber 
microstructure and coupling of the fundamental mode to other confined modes, i.e. surface 
modes, which have a larger overlap with the core surrounding, determines a minimum level 
of the attenuation [Sait04]. Fig. 5.3 shows the pictures of the cross sections of two HC-PCFs 
with different core diameters (taken by a scanning electron microscope).  
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(a) 
 
 
(b) 
 
Fig. 5.3. A HC-PCF is a fiber that has a larger central hole, which is surrounded by the periodic 
cladding structure. A preform, from which a HC-PCF is drawn, is created by stacking together 
hundreds of hollow silica capillaries, so that the fiber has a 2D model of air holes along its length. 
The HC-PCF is produced by taking out several capillaries from the core region. (a) 7-cells fused 
silica made HC-PCF ( HC-1550-02) with core diameter of 10 m. (b) A fused silica made HC-
PCF with 19 removed cells in the center (HC-1550-01). This corresponds to 20 m diameter of 
the hollow core.  
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The dispersion properties of the fibers are shown in Fig. 5.4. The fiber with a core diameter of 
10 m is shown in Fig. 5.4a. This fiber guides a single mode around a wavelength of 1600 
nm within its photonic bandgap. From the figure is observed that the bandgap width of the 
fiber is about 150 nm. The fiber with a core diameter of 20 m is shown in Fig. 5.4b. It has a 
central wavelength around 1580 nm with a photonic bandgap width of about 80 nm. Around 
wavelength of 1580 nm the fiber with 20 m has similar dispersion to the dispersion of a 
SMF-28 fiber. Also it is observable that around 1580 nm the fiber with 10 m core diameter 
has a dispersion that is 5 times larger than that of the fiber with 20 m core diameter.  
 
(a) 
 
     
(b) 
Fig. 5.4. Dispersion and attenuation of the HC-PCFs.  7-cell HC-1550-02 (a) and 19-cell HC-
1550-01 (b) (with permission from NKT Photonics). At wavelength 1580 nm the dispersion of  7-
cell fiber is 5 times larger than of the 19-cell fiber. The dispersion of the 19-cell fiber is 
comparable to the dispersion of the SMF-28. Starting from wavelength of 1550 nm the dispersion 
of the fibers is anomalous. 
 
Fig. 5.5 shows the experimental results for the HC-PCF  with 10 m core diameter. From the 
figure is observable that when the bulk sample is located outside the focal region, its 
contribution is negligible. In the vicinity of the focal plane (around z = 0), the overall FWM 
signal becomes larger owing to the contribution from the bulk sample. This range is given by 
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the overlap region between the bulk sample and the confocal parameter of the HC-PCF        
Lb + Nc. The thickness of the bulk sample is Lb = 500 m, which is about ten times the 
confocal parameter (Nc = 60 m [Nktp01]). Therefore, this range has approximately the width 
of this sample, Lb + Nc ≈ Lb, i.e. about 500 m. 
 
Fig. 5.5. Experimental results using the ReBuS for the HC-PCF (7-cell). A 500 m fused-silica 
bulk reference sample is shifted along the focus. Experimental results are depicted as circles. The 
theoretical solid curve has been calculated assuming a Gaussian beam profile and the confocal 
parameter of 60 m. The dispersion properties have to be taken into account when measuring the 
nonlinearity. The nonlinearity of the HC-PCF is found to be 1300 times smaller than that of the 
fused silica.  
 
Using  ReBuS the nonlinearity of the HC-PCF with 10 m core diameter is found to be 1300 
times smaller than in fused silica. In this measurement, the length of the HC-PCF is 20.5 cm. 
The effective length due to the high dispersion of this fiber (
ps
100
km nm
D  ) is 
eff,HC-PCF-02 =8.1cmL  and is shorter than its physical length so that eff ,wL  instead of Lw is used 
for the calculations in Eq. (5.1), as explained below. 
 
Effective length calculation for waveguide having high dispersion 
In case of long enough waveguide samples, where the dispersion cannot be neglected, the 
effective length of the waveguide Leff,w is used in Eq. (5.1). The effective length is defined as 
a length at which the optical power of the generated FWM FWM,effP is reduced to 1/e of its 
maximum value: 
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 eff,w FWM,eff FWM,max1 eL z P P         
 
The question is when
FWM,eff FWM,max1 eP P  ? The FWM optical power is proportional to the 
excitation (peak) optical powers as 2FWM 1,peak 2,peakP P P . The dispersion changes the pulse 
duration and the peak optical power is inverse proportional to the pulse duration: peak
p
1
P

   
(Eq. (3.10)). Therefore, the FWM signal is inversely proportional to the 3
rd
 power of the pulse 
duration p , i.e. FWM,eff FWM,max1 eP P   is satisfied when  
3
FWM,max min
3
FWM,eff
eff
1/3
eff min
1
1 e
1 e
1
1
e
P
P


 
 
 
   
 
 
 

 
  
 
where eff is the pulse duration, at which the peak power of the FWM signal FWM,effP  is 
reduced to 1/e of its maximum value and min is the pulse duration at the fiber input. By 
assuming nearly transform limited pulses, the temporal broadening of the pulse inside the 
fiber is given by [Agra89] 
1/2
2
2
eff,w
eff
2
min min
2 c
1
D
L


 
  
  
     
  
   
  (5.3) 
where D is the dispersion parameter and c is the speed of light. From Eq. (5.3) the effective 
length of the waveguide Leff,w  is calculated, since all other parameters are known. 
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Correction factor for the bulk sample due to waveguide having high dispersion 
The dispersion has an influence not only on the waveguide‟s effective length, but also on the 
bulk sample. Therefore, a correction factor due to dispersion for the bulk sample Bp has to be 
taken into account, as explained below. 
 
The peak optical power that enters the bulk sample is different from the power that enters the 
waveguide and is reduced due to the dispersion in the waveguide. The dispersion correction 
factor is given by max
min
pB


 , where max and min are pulse durations at the input and output of 
the fiber. The pulse duration of the pulse at the waveguide output (in front of the bulk 
sample)max is calculated using Eq. (5.3), where Leff,w is replaced by Lw, and eff is replaced 
by max. 
 
So if the waveguide‟s length is long enough not to neglect the dispersion, the expression from 
Eq. (5.1) takes form of  
 
FWM, close
FWM, far
3
2,w eff,w 2,b b tot p
2,w eff,w
E
E
n L n L T B
n L

    (5.4) 
 
For 20.5 cm short HC-PCF with 10 m core diameter and the pulse parameters used in the 
experiment, the correction factor is Bp = 2.6 and the effective length of the fiber is 
eff 8.1cmL  .  
 
From the discussion above we can conclude that if the length of the waveguide is long 
enough not to neglect the dispersion, the pulse duration at the waveguide‟s input and output 
has to be known. Hence, it is desirable that the waveguide would be sufficiently short in order 
to neglect the changes of the pulse duration due to dispersion effects. 
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5.2 Phase-resolved concept 
In chapter 4 it was assumed for the sake of simplicity, that the nonlinear fields from the 
samples are in phase, i.e. do no have nonlinear absorption (= 0, 2 0n  ). By heterodyning 
one detects the beat note amplitude *FWM LORe E E   . Generally, for samples that have non-
negligible absorption, i.e. 20, 0n   , EFWM becomes complex (
(3)  is a complex number). 
Both quadrature
11
 outputs of the lock-in, x and y, are detected. By defining: *FWM LOE E x iy  , 
the information about the complex field EFWM and hence about both nonlinear refractive 
index and nonlinear absorption is obtained, since  *FWM LORe Rex E E x iy     , 
 *FWM LOIm Re ( )y E E i x iy      . 
 
Both quadrature components of the beat note FWM LOE E  are phase-sensitively recorded with the 
help of a lock-in amplifier. The phase and the amplitude of the local oscillator are constant 
relative to the nonlinear field, which means both quadrature components of EFWM can be 
determined. Hence, the heterodyne technique with lock-in enables not only efficient 
discrimination of the FWM field against the excitation fields, but also simultaneous detection 
of the nonlinear refractive index n2 and the nonlinear absorption coefficient . A 
representation of ReBuS in complex frame is depicted in Fig. 5.6. Two points (A and B) in the 
figure indicate two measurements: one measurement includes the FWM field from the 
waveguide  FWM,far FWM,waveguideE E and the other one contains additionally the FWM field 
from the bulk reference sample  FWM,close FWM,waveguide FWM,bulk+E E E . By the vector AB  in Fig. 
5.6 is denoted the bulk shift toward the focal plane. 
 
 
 
                                                 
11  Quadrature components: phase shifted by 90° in respect to each other. 
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Fig. 5.6. Representation of ReBuS in the complex frame (X,Y). Two red points indicate two 
required measurements. The dashed vector is the complex trajectory of the bulk sample moving 
towards the focus ( AB ). 
 
The relative phase between the reference input and the signal input to the lock-in is constant 
during the measurements, but might vary due to experimental setup, e.g. when adjusting the 
overlap between the involved fields or due to the electronics for the RF lock-in reference 
input, e.g. different cable lengths between PD2 and the RF lock-in. This leads to phase offset 
that might change from experiment to experiment. This dependence of the uncalibrated phase 
offset is removed using ReBuS. 
 
The concept for elimination of the phase offset is depicted in the complex frame in Fig. 5.7. 
By ReBuS, the nonlinear properties, i.e. real and imaginary parts of the reference bulk sample 
susceptibility are known. Therefore, the complex FWM field that is generated in the bulk 
sample, which is denoted by the vector AB  is also known. This allows to rotate the 
„uncalibrated‟ complex coordinate frame (X,Y) such that the real and imaginary parts of (3) 
are represented in „calibrated‟ complex coordinate frame (X‟,Y‟). It is convenient, but not 
mandatory, to choose the reference bulk sample with = 0 and 2 0n  , i.e. a purely real 
(3)
. 
In this case, the coordinate frame is rotated such that AB  is parallel to the real axis (X‟ in 
Fig. 5.7). Using this procedure, the constant but hitherto uncalibrated phase offset is 
eliminated and the real and imaginary parts of (3)  are correctly represented in the rotated 
(„calibrated‟) complex coordinate system.  
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The projection of the FWM contribution from the waveguide sample ( OA  in Fig. 5.7) on the 
„calibrated‟ complex coordinate frame depicts the real and imaginary parts of the FWM for 
the case that the nonlinear contribution from the reference sample is purely real, i.e. does not 
contain the nonlinear absorption. Without ReBuS, i.e. only by heterodyning, the uncalibrated 
phase offset () has to be known, but as was mentioned earlier, a slight modification in the 
setup, e.g. changing the cable connecting between PD2 and RF lock-in imposes to re-calibrate 
the phase, which is impractical. 
  
 
Fig. 5.7. The concept for phase calibration. (a) The value of the FWM field from both reference 
bulk and waveguide samples  FWM,waveguide FWM,bulk+E E  is indicated by vector OB . The FWM 
signal, when only the contribution from the waveguide is measured  FWM,far FWM,waveguideE E  
is indicated by vector OA . The original axes X, Y are rotated to the new axes X´ and Y´, so that 
X‟ axis is parallel to the vector AB . (b) The projection of the vector OA  on X‟ is proportional to 
(3)Re  for the case that the bulk sample ( AB ) has negligible nonlinear absorption. 
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Phase-resolved detection for HC-PCF 
The nonlinearity of the HC-PCF 2,HC-PCFn  can be expressed as an effective 
nonlinearity
2,eff, HC-PCFn . This notation is used due to the fact that the interaction between the 
surface modes and the fundamental mode in fiber might lead to a complex value of the FWM 
field that propagates in the core. This coupling between the modes may lead to complex 
values of 2,eff, HC-PCFn , even if the material contribution is real. 
 
To testify this hypothesis, a short piece (21 mm) of the HC-PCF with core diameter of         
20 m and a 25m short piece of fused silica bulk are selected. The low dispersion of this 21 
mm short HC-PCF allows to neglect the changes of the pulse duration due to dispersion 
effects. 
 
Fig. 5.8 shows the experimental results. Around a wavelength of 1580 nm the nonlinear 
absorption of the fused silica is negligible [e.g. Mila98], i.e. = 0 and 2 0n  . This means, 
the axis that is parallel to the FWM from the bulk sample ( AB ) is proportional to the real part 
of (3). From the figure is observable that the vectors OA  and AB  lie on the same axis. 
(vectorOA  depicts the complex FWM field only from the fiber). This result means that 
2,eff, HC-PCFn  
is a real value and the interaction between the fundamental and surface modes 
within the bandgap does not lead to complex nonlinearities in HC-PCF. 
 
Fig. 5.8. The experimental results obtained from the HC-PCF (19-cell).  Vectors OA  and OB  lie 
on the same axis, therefore the value of the nonlinear contribution from HC-PCF is real ( is 
uncalibrated phase offset).  
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Phase-resolved detection for bulk sample 
In the following is shown that ReBuS is applicable for phase-resolved measurements in bulk 
samples and NFOM can be directly deduced graphically.  
 
The roles of the sample with well-known properties and the „waveguide under test‟ are 
interchanged. This configuration is depicted in Fig. 5.9, where the waveguide is the reference 
sample with well-known properties. Let us assume without loss of generality, that the 
waveguide has a purely real-valued (3). Due to this fact, the nonlinear contribution from the 
waveguide ( FWM,waveguideE , vector OA ) is proportional to the real part of 
(3)
, i.e. the coordinate 
system (X‟,Y‟) proportional to the real and imaginary parts of (3). For the bulk sample under 
test having a non-vanishing nonlinear absorption, the vector AB  ( FWM,bulkE ) is expected to lie 
outside the axis X‟, as illustrated in Fig. 5.9. Note, that a purely real-valued (3)
 
is not a 
necessary condition for the reference waveguide sample as long as its imaginary part is 
known as well.  
 
The ReBuS method can be employed to measure the nonlinearities in bulk materials. Both 
components n2 and  of the bulk sample under test are compared to the value of the 
waveguide with well known optical properties. The use of the waveguide as reference sample 
ensures the same mode area in both samples. The direct comparison of nonlinearities allows a 
straightforward deduction of the nonlinear figure-of-merit. 
 
The „in-phase‟ (X‟) and „quadrature‟ (Y‟) axes of the FWM-signal from the waveguide are 
proportional to k0n2 and (both having the same units), respectively. Therefore, NFOM can 
be easily deduced from the ratio of the projection of the vector AB  on the axes X‟ and Y‟, as 
schematically shown in Fig. 5.9. It is interesting to note that it is sufficient to know that the 
waveguide does not have nonlinear absorption so that the exact value of the nonlinear 
refractive index of the reference waveguide does not play a role for the determination of the 
nonlinear figure-of-merit. 
 
Chapter 5 - Experimental demonstration of ReBuS 
 81 
 
 
Fig. 5.9. The roles of the sample with well-known properties and the „waveguide under the test‟ 
are interchanged. Vector AB , i.e. FWM,bulk FWM,close FWM,farE E E  is the contribution from the 
bulk under test. 
FWM,farE is the contribution from the reference waveguide. Assuming that the 
reference waveguide has a negligible nonlinear absorption, a straightforward deduction of NFOM 
from the graph is performed easily. 
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Fig. 5.10 shows the experimental results in „calibrated‟ (X‟,Y‟) complex coordinate frame for 
the silicon bulk sample. The values are normalized to the FWM signal from the reference 
waveguide SMF-28. The beat note amplitude is measured twice: when the bulk is at the focal 
plane and when it is far from the plane. The nonlinear figure of merit of silicon is 
straightforwardly determined from the graph: 2 02NFOM 0.37
2π
n kn
 
   . This result is in 
good agreement with the results published in [Dinu03] and [Linz07]. 
 
 
Fig. 5.10. Experimental results of the silicon bulk sample in rotated („calibrated‟) coordinate 
frame. The observed values are normalized to the SMF-28 FWM-signal. The obtained nonlinear 
figure-of-merit is 2 0
1
NFOM 0.37
2π 2π
n k

   . 
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Precis 
 
 
A versatile tool, Referencing-to-a-Bulk-Sample (ReBuS), for phase-resolved measurements 
of fast third-order optical nonlinearities in waveguides and bulk samples is proposed, built, 
and demonstrated. For this, dispersion properties of the sample under test have to be known. 
The configuration proposed here allows to characterize the nonlinearities without the need to 
know the laser parameters, such as incident peak amplitudes of the excitation fields or pulse 
shape. The observed nonlinearities are directly compared to an additional (reference) sample 
with well characterized optical properties. The nonlinear refractive index n2 and the nonlinear 
photon absorption coefficient  are simultaneously detected. The simultaneous measurement 
of these parameters allows deduction of the nonlinear figure-of-merit (NFOM), which is a 
key criterion for selecting a suitable material for all-photonic applications.  
 
The measurements are performed by combining a nearly degenerate FWM process with 
heterodyne technique. In the nearly degenerate FWM the involved fields are phase-matched 
due to fact that they have practically the same optical frequencies. The excitation fields co-
propagate and this collinear geometry is suitable for investigation of optical nonlinearities in 
waveguides. The heterodyning facilitates the discrimination of the FWM signal against the 
excitation fields and phase-resolved signal detection. Both quadrature components are 
calibrated using the fact that the optical properties of the reference sample are known. In 
addition, heterodyne technique helps to detect mixing products that are many orders of 
amplitude weaker than its excitation fields. A technique for elimination of the concurrent 
parasitic signal arising from the photodiode is developed. Using this technique, the parasitic 
signal is suppressed and it enables to investigate of samples with mixing products that have  
120 dB smaller power than the excitation signals. 
 
Excitation fields and local oscillator are generated by the same laser source by slightly 
shifting the central frequency of the laser using acousto-optical modulators (tens of MHz). 
Due to the fact that the local oscillator is generated from the same source as the excitation 
fields, the fluctuations of the optical carrier frequency are cancelled out. Both quadrature 
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components of the beat note between the local oscillator and FWM field are phase-sensitively 
recorded using a lock-in amplifier. The reference signal to the lock-in is generated „all-
optically‟ using a photodiode and a double balanced mixer that mixes, after suitable filtering, 
the beat notes between the excitation and local oscillator fields. It leads to an efficient 
common-mode-rejection of interferometric noise, since the reference signal undergoes the 
same phase perturbations as the measurement signal.  
 
The bulk sample is located behind the waveguide in the vicinity of the focal plane using a 1:1 
imaging system. Putting the bulk behind the waveguide ensures the same beam profile in both 
samples. The value of the overall FWM signal varies depending on the longitudinal position 
of the bulk in respect to the focus. Two measurements are required for determination of the 
optical nonlinearity of the sample under test: one is when the bulk is located at the focal plane 
of the waveguide‟s output and contributes noticeably to the overall FWM field and the other 
one is when the bulk far from the focal plane and hence the nonlinear contribution from the 
bulk is negligible. A length of the waveguide should be short enough to neglect dispersion. 
Otherwise, pulse duration at the waveguide‟s input and output has to be known. 
 
The concept developed here allows measurements of fast optical nonlinearities of the third-
order in short waveguiding samples and is demonstrated for short pieces of SMF-28 and 
hollow-core photonic crystal fibers (lengths of 10 mm - 20 mm). The concept allows for 
simultaneous measurement of n2 and  (and hence the nonlinear figure-of-merit) in different 
kinds of photonic devices. 
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Outlook 
 
 
Generally, ReBuS combined with the nearly degenerate FWM scheme and heterodyne 
detection can be applied for phase-resolved investigation of the nonlinear properties in 
different kinds of nonlinear photonic devices, e.g. routers and short waveguiding devices. 
Therefore, the tool developed in this work can greatly facilitate towards characterization and 
calibration of nonlinear properties of photonic devices. 
 
One example for an application of the tool is a study of the nonlinear properties of a 
waveguide array sample. The sample includes several waveguides (array) that are parallel to 
each other. A part of the array and a schematic drawing of the coupling mechanism between 
the waveguides is shown in Fig. 6.1. The sample has been recently delivered as a part of a 
collaboration with the group of Prof. S. Cundiff (JILA, USA). The waveguides in the array 
are single-mode and fabricated from AlGaAs material [Huds08], having a size of 3 m X 2 
m X 10 mm (width, height, length) and the distance between the waveguides is 12 m. It is 
interesting to study the nonlinear coupling mechanism between the waveguides. For this 
purpose, the excitation fields at frequencies 1, 2 (the compact setup is shown in Fig. 5.1) are 
launched into the waveguide and the nonlinearities, e.g. refractive index of the waveguide, 
can be determined as explained in this work (Fig. 6.2a). Due to the nearly degenerate FWM 
scheme, the nonlinear signal is discriminated against the excitation signals so that the 
nonlinear optical properties of the neighbourig waveguides can be investigated 
simultaneously (Fig. 6.2b). This allows to detect self- and cross-NFOMs. According to 
reference [Huds08], the nonlinear coupling coefficient changes as a function of the input 
optical power, i.e. nonlinear refractive index is intensity dependent ( 2 2n n I ). Using tool 
developed in this work, heterodyning, and ReBuS, this higher order nonlinearity 
(corresponding to (5)) can be studied by detecting the beat note at  1 2 LO3 2    . This can 
be done by a slight modification of the setup and allows the simultaneous detection under the 
same experimental circumstances of the nonlinearities due to (3) and (5) processes. From 
these measurements, the cascaded (3) processes and (5) processes can be studied separately.  
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(a) 
 
 
(b) 
 
Fig. 6.1. (a) A part of the waveguide array (top view, taken by CCD camera). (b) Schematic draw 
of the coupling mechanism between the waveguides. According reference [Huds08], the value of 
the coupling coefficients between the waveguide change depending on the input power.   
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(a) 
 
 
(b) 
 
Fig. 6.2. (a) Compact experimental setup for investigation of optical nonlinearity in one of the 
waveguides in the array. The nonlinear coupling coefficient changes as a function of the input 
optical power and hence the nonlinear refractive index is intensity dependent ( 2 2n n I ). It is 
interesting to study this higher order nonlinearity. (b) Compact experimental setup for 
investigation of optical nonlinearities in the array. Due to the fact that the nonlinear signal is 
distinguishable from the excitation signals, the nonlinear properties (e.g. NFOM) and the coupling 
mechanism between the waveguides can be studied. 
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